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FOREWORD 


This  report  describes  the  work  performed  by  Structural  Composites 
Industries,  Inc.  (SCI)  under  Contract  NAS  3-16770.  The  contract  was 
initiated  in  July  1972,  then  technically  redirected  in  July  1973  to  reflect 
new  NASA  objectives.  The  work  was  administered  by  Mr.  James  R. 

Faddoul  of  the  NASA  Lewis  Research  Center. 

SCI  personnel  who  conducted  the  investigation  include  R.  E.  Landes, 
Program  Manager  and  E.  E.  Morris,  Engineering  Manager.  Pressure 
vessel  filament-winding  was  accomplished  by  R.  J.  Robinson  and 
intrumentation  and  testing  was  conducted  under  the  direction  of 
K.  A.  Hansen. 

ARDE,  Inc.  participated  in  the  program  as  a  subcontractor,  supplying 
design  details  for  the  overwrapped  301  stainless  steel  vessels  and 
fabrication  of  the  required  cryoformed  metal  liner  asssemblies.  ARDE 
personnel  who  contributed  to  the  investigation  inlude  A.  Cozewith 
and  D.  Gleich. 

Guidance  in  fracture  mechanics  design  considerations  for  the  metal 
liners  was  provided  throughout  the  program  by  Mr.  W.  D.  Bixler  of 
The  Boeing  Company,  and  metallurgical  analyses  of  tested  vessels  were 
conducted  by  the  NASA  Lewis  Research  Center  under  the  direction  of 
Mr.  James  R.  Faddoul. 
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SUMMARY 


The  primary  purpose  of  this  full-scale  hardware  demonstration 
program  was  to  verify  and  show  the  advantages  of  filament  overwrapped 
metal  pressure  vessels  for  future  flight  vehicles,  as  well  as  demonstrate 
the  technology  readiness  and  suitability  of  the  vessels  for  the  application. 

The  program  objective  was  accomplished  by  fabricating  and  performance 
testing  six  vessels  each  of  two  different  overwrapped  metal  designs;  a 
•  61  cm  (Z4  inch)  diameter  Kevlar-49  filament  reinforced  cryoformed  301 

stainless  steel  sphere,  and  a  97  cm  (38  inch)  diameter  Kevlar-49 
filament  reinforced  2219- T62  aluminum  sphere. 

y  Program  results  for  the  Kevlar/ cryoformed  stainless  steel  construction 

vessels  verified  capability  to  achieve  the  specified  service  life  and  burst 
factor  of  safety  requirements,  and  also  demonstrated  their  weight  saving 
advantage,  the  repeatability  of  fabrication  processes,  and  the  reliability 
of  existing  design  techniques  as  follows: 

#  Kevlar/ stainless  steel  vessels  were  successfully  subjected 
to  two  different  service  life  test  evaluation  conditions: 

At  a  design  safety  factor  of  2.  0,  1600  fatigue 

pressure  cycles  at  a  performance  factor 
p  V/W  of  101  J/g  (406  000  in-lb/lbm)  were 
obtained  without  failure.  Actual  burst  factor 
of  safety  demonstrated  after  the  fatigue  cycling 
was  2.  06  and  p^V/W  was  208  J/g 
(837  000  in-lb/lbm). 

At  a  design  burst  to  operating  pressure  ratio  of  1.  5,  1000 

fatigue  pressure  cycles  were  sustained  without 

failure  resulting  in  an  operating  performance 

factor  PqV/W  of  122  J/g  (490  000  in-lb/lbm). 

Subsequent  burst-to-operating  safety  factor  was 

1.72  and  p.V/W  achieved  was  210  J/g 

(843  00  in-lb/lbm).  In  addition,  a  similar  1.  5  design 

factor  of  safety  vessel  was  subjected  to  three 

months  of  sustained  pressurization  at  p^  V/W 

of  121  J/g  (487  000  in-lb/lbm)  without  failure 

or  evidence  of  degradation. 

The  foregoing  operational  and  burst  performance 
levels  represent  a  25-30%  weight  savings  over  a 
comparable  6A1-4V  Titanium  (solution  treated 
and  aged)  spherical  homogeneous  metal  pressure 
vessel. 


Excellent  repeatability  of  major  manufacturing  processes 
was  demonstrated.  The  variation  in  Kevlar/epoxy  composite  thickness 
was  within  +  2,  7%;  variation  in  total  vessel  weight  was  +  1.  2%.  The 
range  of  relative  volume  changes  during  cryosizing  was  0.  96  to  1.  00% 
compared  to  a  design  value  of  1.  00%. 

A  unique  boss  design,  previously  developed  by  ARDE,  per-  • 

formed  as  designed  during  all  performance  testing  conducted.  The 
bosses  were  not  failure  sites  even  at  the  high  stress  level  operating 
pressure  evaluation  condition. 

0  Kevlar /aluminum  vessel  results  demonstrated  the  ability  to 
design  and  fabricate  large  filament  overwrapped  vessels  with  load 
sharing  liners.  Important  information  obtained  during  vessel  development 
and  evaluation  was  as  follows: 

The  use  of  a  bolted  end-closure  design  for  the  large 
ported  vessels  was  inadequate.  The  revised  design, 
incorporating  a  tie -rod  to  carry  the  port  load,  provided 
a  good  solution  for  completing  performance  tests  on 
existing  vessels. 

The  thickness  tolerance  obtained  for  2219  aluminum 
half  shells  was  excellent;  many  exceeded  the  established 
acceptance  criteria  and  met  the  thickness  tolerance 
’’design  objective”. 

Heat  treatment  quenching  of  large  volume  aluminum 
liner  assemblies  can  be  accomplished  in  the  required 
time  period  without  distortion  of  the  shell,  but  port 
areas  of  future  liner  assemblies  with  integral  bosses 
should  be  initially  machined  ’’rough”  and  final  machined 
after  heat  treatment. 

Maximum  performance  for  the  97  cm  (38  inch)  diameter 
Kevlar /aluminum  pressure  vessel  at  failure  p-^V /  W 
was  164  J/g  (658  000  in-lb/lbm).  Failure  was  of  the 
tie- rod  and  not  the  vessel  itself. 

#  Test  results  for  both  styles  of  vessels  verified  the  anticipated  ^ 

leak-before-bur St,  non-fragmentation,  and  controlled  failure  mode  features 
of  composite  vessels  with  rnetal  liners.  When  the  vessels  were  fatigue 
cycled  to  point  of  final  failure,  the  failure  mode  was  localized  leakage  of 
the  metallic  liner,  without  vessel  rupture  or  fragmentation. 
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I. 


INTRODUCTION 


A.  BACKGROUND 

Since  the  early  1950’s  when  the  first  serious  efforts  were 
made  with  high-strength,  light-weight  filament- wound  pressure  vessels 
and  rocket  motor  cases,  significant  successes  have  been  achieved  in  the 
development  of  a  technology  base  and  reliable  application  of  these 
composite  structures  to  operational  systems. 

The  potential  of  filament- wound  tankage  for  space  vehicle 
pressurant  vessels  and  cryogenic  storage  has  and  continues  to  be 
demonstrated  in  a  series  of  NASA-LeRC  technology  development  programs 
conducted  over  the  past  fourteen  years.  Such  vessels,  with  an  appropriate 
sealant  liner,  offer  considerable  weight  savings  when  compared  with  the 
best  homogeneous  metal  constructions.  Some  types  of  composite  tanks, 
because  of  their  failure  modes,  offer  system  safety  enhancement  as  an 
additional  benefit. 

Research  and  development  has  been  concentrated  on  evaluation 
of  constituent-material  properties,  evolution  of  effective  pressure-vessel 
analytical  methods  and  designs  for  combining  a  metal  liner  with  the 
overwrapped  filament  composite,  and  evaluation  testing  of  tanks  at 
elevated  to  cryogenic  temperatures  under  burst,  fatigue,  and  sustained 
loading  conditions.  These  past  NASA-LeRC  efforts,  work  by  the  Air 
Force  and  recently  by  NASA-JSC  have  demonstrated  the  performance 
capabilities  of  composite  tankage,  and  identified  workable  designs 
and  fabrication  approaches,  as  well  as  special  attention  areas. 

1.  Load-Sharing  Concept 

Liners  for  filament- wound  pressure  vessels  have 
been  discussed  at  length  in  prior  publications.  Briefly,  stressing  of  the 
filament-wound  composite  results  in  formation  of  some  matrix  cracks  in 
the  wall  that  can  let  the  contained  fluid  leak  out.  To  prevent  this,  a 
liner  is  required.  Three  classes  of  liners  used  are: 

#  elastomeric  -  for  near  ambient  temperature 
applications  where  some  permeability  is 
permissable, 
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•  thin  metal  bonded  to  the  overwrap- -the 
lightest  weight  vessel,  but  cyclic  life 
limited,  and 

#  load  sharing  metal 

Filament-wound  composite  tanks  with  load- sharing 
metal  liners  are  intermediate  in  weight  saving  performance  between 
thin-metal/ bonded  liner  composite  tanks  and  homogeneous  metal  tanks, 
and  do  not  require  a  bond  between  the  metal  shell  and  overwrap.  For 
tanks  with  load-sharing  liners,  the  filament  stress-strain  curve  is 
linearly  elastic  out  to  the  proof  strain  and  even  beyond  to  burst. 

However,  on  the  first  pressurization  cycle,  the  metal  stress-strain 
curve  shows  yield  and  plastic  flow.  As  the  vessel  proof  pressure  is 
released,  the  liner,  which  has  taken  a  permanent  plastic  set,  is  forced 
into  compression  by  the  filaments  trying  to  return  elastically  to  their 
original  size.  Thus,  at  zero  pressure  after  proof,  the  metal  is  in 
compression  and  the  filaments  in  tension.  From  that  time  on,  the 
metal  operates  elastically  from  compression  to  tension  while  the 
filaments  operate  in  a  tension-tension  mode.  The  terminology  used 
to  refer  to  this  type  of  tank  is  ’’fiber- reinforced-metal”  or  ’’load- 
bearing  metal  liner”  filament- wound  composite  pressure  vessel  concept. 

The  primary  objective  in  designing  a  fiber  reinforced 
metal  pressure  vessel  is  to  obtain  maximum  operating  performance  at 
a  minimum  weight,  and  to  provide  safe-life  design  features.  Design 
development  is  related  to  (1)  load  and  strain  compatibility  of  the 
two  types  of  material,  (2)  constrictive  wrap  buckling  strength  of  the 
metal  shell,  (3)  prestress  set  up  between  the  two  materials  during 
fabrication  and  proof-testing  (sizing),  (4)  effects  of  prestress  into  the 
plastic  region  of  the  metal  shell,  (5)  thermal  contraction  characteristics 
of  the  various  construction  materials,  and  (6)  effects  of  cyclic  and  sustained 
loading  on  fatigue  life  and  residual  strength.  Special  attention  areas 
include  insuring  (1)  metal  compressive  stress  at  zero  pressure  after 
proof  test  does  not  exceed  compressive  yield,  (2)  metal  shell  compressive 
strength  is  adequate  so  that  adhesive  bonding  is  not  required  to  prevent 
metal  shell  buckling,  (3)  design  allowable  operating  stresses  are  not 
exceeded  in  the  metal  or  overwrap  at  operating  pressure,  and  (4)  required 
burst  factor  of  safety  is  provided  prior  to  exceeding  metal  shell  biaxial 
ductility  capability.  These  criteria  fix  relative  thicknesses  of  the  metal 
and  overwrapped  composite  structure.  In  general,  the  metal  liner 
thickness  ends  up  being  25  to  50%  of  the  thickness  required  for  a 
homogeneous  metal  vessel  design. 
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2. 


Establishment  of  Designs 


To  develop  filament- reinforced  metal  tank  designs, 
filament  safe-operating  stress  levels  are  used  in  conjunction  with  the 
metal  shell  safe-operating  stress  level  to  develop  a  configuration  which 
makes  maximum  use  of  these  allowable  stresses  at  operating  pressure 
and  also  which  provides  the  required  pressure  vessel  burst  strength 
within  material  minimum  ultimate  strength  capabilities.  Since  the 
minimum  weight  pressure  vessel  is  the  one  with  least  metal,  weight 
minimization  dictates  making  the  liner  as  thin  as  possible  consistent 
with  filament- reinforced  metal  tank  design  criteria.  This  means  letting 
the  metal  have  maximum  allowable  compression  at  zero  pressure  and 
maximum  allowable  operating  stress  at  operating  pressure  and  temperature. 
Design  development  entails  parametric  studies  of  constituent  material 
stresses  at  conditions  of  interest  and  resultant  weight  for  given  operating 
and  burst  pressures. 

For  the  composite  windings,  allowable  stresses  at 
operating  and  ultimate  conditions  are  determined  from  subscale  filament- 
wound  pressure  vessels  subjected  to  cyclic  fatigue,  sustained  loading, 
temperature,  burst,  etc.  ,  evaluation  tests. 

For  liner  design,  yield  and  ultimate  strength  levels 
are  established  from  handbook  data,  simple  uniaxial  specimens  and  in 
some  cases  from  subscale  pressure  vessels.  Allowable  operating 
stresses  are  determined  from  fracture  data  for  the  specific  alloy, 
thickness,  and  design  conditions,  as  described  below. 

3,  Fracture  Mechanics  of  Metal  Liner 


The  proof  test  fracture  mechanics  approach  to 
pressure  vessel  design  is  a  reverse  process  analysis.  First,  the 
flaw  size  in  the  metal  liner  that  will  cause  vessel  failure  (^/Q)cr 
is  determined  from  K  je/  q-q  curves;  Kje  is  the  fracture  toughness 
of  the  material  and  a  ^  is  the  desired  operating  stress  in  the  liner. 
Then,  with  a  vessel  requirement  of  N  pressure  cycles,  cyclic  flaw 
growth  rates  da/dN  are  used  to  determine  the  maximum  size  flaw 


'•'Refer  to  Appendix  J  for  complete  definition  of  symbols. 
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that  could  exist  prior  to  the  first  pressure  cycle  (a/Q)j[  without  growing 
to  failure  during  the  vessel  life,  i.  e.  ,  (a/Q)i  =  (a/Q)^^  -  N  da/dN.  The 
proof  test  stress  condition  is  then  set  as  Of*  CTq  such  that  no  flaw  larger 
than  (a/Q)i  can  exist  after  the  proof  test.  This  procedure  must,  of 
course,  be  rnodified  by  considering  the  instantaneous  stress  intensity  K 
which  changes  as  a  function  of  a/Q  as  the  flaw  size  increases  during 

cycling.  A  detailed  analysis  of  the  procedures  may  be  found  in  4 

Reference  1. 

Filament- reinforced  pressure  vessels  undergo  a 
sizing  pressurization  after  fabrication  as  has  been  previously  discussed. 

The  metal  liner  is  stressed  beyond  the  yield  stress  in  order  to 
establish  prestress  and  elastic  load  sharing  between  the  liner  and 
filament  overwrap.  Thus,  the  sizing  cycle  acts  as  an  extremely  efficient 
proof  test  of  the  metal  liner  since  it  is  subjected  to  a  stress  well  above 
yield  {a*  Gq  is  large).  Smaller  flaws  can  be  screened  than  by  normal 
proof  testing  of  homogeneous  metal  pressure  vessels  which  are  normally 
not  stressed  beyond  the  elastic  limit. 

Unfortunately,  an  acceptable  fracture  mechanics 
analysis  has  not  been  developed  for  post-yield  stresses.  One  must 
empirically  determine  the  stress  versus  flaw  size  relationship  in  this 
region.  This  data  establishes  the  maximum  initial  flaw  size  screened 
by  the  sizing  cycle.  One  also  needs  service  life  data  obtained  from 
specimens  which  were  first  stressed  to  the  verge  of  failure,  (i.  e.  , 
containing  a  nearly  critical  initial  flaw)  and  then  subjected  to  the  service 
life  conditions  at  a  range  of  lower  stresses.  For  establishing  critical 
failure  conditions  at  the  operating  stress,  conventional  linear-elastic 
fracture  mechanics  analysis  can  be  applied  since  operating  conditions 
are  always  within  the  elastic  limit  of  the  metal  liner.  In  some  cases  , 
the  operating  stress  may  be  greater  than  the  original  material  yield 
strength,  but  the  yielding  which  occurred  during  the  sizing  cycle 
work-hardened  the  material  and  increases  the  effective  yield  strength 
of  the  material. 

The  validity  of  this  analysis  was  recently  documented  ^ 

by  Boeing/SCI  under  NASA-LeRC  Contract  NAS  3-14380;  results  are 
summarized  in  Reference  1.  The  program  was  designed  to  establish 
a  fracture  control  method  which  would  guarantee  safe  service  life  for 
composite  tanks  with  load  sharing  liners.  Given  sizing  stress  and 
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cycle  life  requirement,  data  were  generated  for  various  flaw  shapes 
(a/ 2c)  to  permit  the  following: 

0  Determination  of  size  of  surface  flaw  which 

causes  liner  failure  during  sizing  operation 

Generate  failure  stress  versus  flaw 
depth  curve 

Establish  maximum  initial  flaw  size 
that  did  not  cause  failure  at  given 
sizing  stress 

•  Determination  of  maximum  allowable  operating 

stress  for  required  cycle  life 

Generate  cyclic  stress  versus  cycles  to 
failure  curve  for  maximum  initial  flaw  size 

Establish  maximum  allowable  operating  stress 
that  did  not  cause  failure  before  required 
cyclic  life. 

A  detailed  discussion  of  findings  from  the  Reference  1  program  is  beyond 
the  scope  of  this  report.  Briefly,  both  flawed  uniaxial  specimens  and 
biaxial  pressure  vessels  were  tested  to  obtain  static  fracture  and  cyclic 
flaw  growth  data.  The  experimental  evaluation  by  Boeing  included 
investigation  of  different  size  flaws  in  2219- T62  aluminum,  Inconel 
X-750  (STA),  and  cryoformed  301  stainless  steel  at  ambient  and  cryogenic 
temperatures.  A  most  significant  finding  was  that  as  R  ratio 
(minimum  stress/maximum  stress)  decreases  from  positive  to  negative 
values,  the  flaw  growth  rates  increase.  In  addition,  negative  R  ratio 
test  results  for  uniaxial  specimens  did  correlate  well  with  the  biaxial 
tank  results,  and  the  uniaxial  data  can  be  used  to  predict  overwrapped 
tank  cyclic  life. 

4.  Failure  Modes 

In  several  past  programs,  the  safety  enhancement 
feature  of  composite  tanks  with  load  sharing  metal  liners  has  been 
vividly  shown.  Due  to  the  relatively  thin  metal  liner  (compared  to  the 
wall  thickness  of  a  comparable  homogeneous  metal  tank)  and  the 
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relatively  thick  overwrapped  composite  elastic  restraint,  leak-before¬ 
burst  is  enhanced.  The  failure  of  tanks  during  an  intentional  burst 
test  or  fatigue  pressure  cycling  test  is  by  leakage  through  the  wall 
with  no  fragmentation  of  the  metal.  This  composite  pressure  vessel 
characterisitic  maximizes  personnel  safety  and  mission  success  in 
critical  applications  involving  compressed  gas  storage  with  minimum 
container  weight.  Additionally,  the  reduced  metal  thickness  presents 
an  option  for  selecting  a  tough  material  that  in  itself  shows  leak-before¬ 
burst  characteristics. 

B.  PROGRAM  PLAN 

1 .  Program  Objective 

The  objective  of  this  program  was  to  verify  and  show 
the  advantages  of  overwrapped  metal  pressure  vessels  for  future  flight 
vehicles,  as  well  as  demonstrate  the  technology  readiness  and  suitability 
of  the  vessels  for  the  application.  The  vessels  that  were  designed, 
fabricated  and  tested  were  to  be  of  significantly  lighter  weight  than 
competing  monolithic  metal  vessels  and  also  incorporate  controlled 
failure  mode  (non-fragmenting)  features. 

2,  Scope  of  Work 

The  program  objectives  were  accomplished  by 
conducting  a  three  task  technical  effort  as  summarized  below: 

Task  I-  Design:  This  task  covered  the 

development  of  detailed  designs,  fabrication  drawings,  fabrication 
process  specifications,  and  inspection  procedures  for  two  different 
configurations  of  Kevlar-49/ epoxy  composite-reinforced-metal-pressure 
vessels.  The  two  designs  (a)  were  spherical  in  shape  and  had  the  same 
cyclic  life  requirements,  a  burst  factor  of  safety  greater  than  1.5, 
similar  multiangular  wrap  patterns,  but  (b)  utilized  different  metal 
liners  (2219-T62  aluminum  and  cryoformed  301  stainless  steel), 
operating  and  burst  pressures,  and  vessel  internal  volumes. 

Task  II  -  Fabrication:  This  task  included  (a) 

fabrication  and  inspection  of  six  complete  liner  assemblies  for  each  of 
the  two  pressure  vessels  designs;  (b)  filament  overwrapping  and  cure 
of  the  liner  assemblies;  and  (c)  instrumentation,  inspection,  and  pressure 
sizing  of  the  resultant  vessels.  Strains  were  recorded  for  each  vessel 
during  the  application  of  the  sizing  cycle  and  the  data  submitted  to  NASA 
for  evaluation. 
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Task  III  -  Testing  This  task  included  (a) 
the  design,  fabrication,  procurement  of  required  test  hardware  and 
instrumentation,  and  (b)  the  performance  of  burst,  sustained  loading, 
and  cycle  tests  at  ambient  temperature  on  the  twelve  vessels  fabricated 
and  pressure-sized  under  Task  II.  The  vessels  were  instrumented 
with  strain-gauge  rosettes,  extensometers,  and  pressure  sensors  prior 
to  testing. 


II. 


DESIGN,  FABRICATION,  AND  TEST  OF  KEVLAR-49  OVER- 
WRAPPED  2219  ALUMINUM  PRESSURE  VESSELS 


A.  CRITERIA  DEVELOPMENT 

The  following  paragraphs  present  applicable  information 
obtained  during  the  initial  phase  of  this  program  which  formulated  the 
final  criteria  used  to  establish  vessel  designs,  fabrication  processes,  and 
test  requirements. 

1 .  Initial  Design  Criteria 

At  the  inception  of  the  technical  effort,  the  program 
objectives  were  to  be  accomplished  utilizing  two  different  design  con¬ 
figurations  of  composite  reinforced  2219  aluminum  pressure  vessels- 
an  S-Giass  filament  reinforced  (FR)  spherical  vessel,  and  a  Kevlar-49 
FR  cylindrical  vessel.  The  two  designs  were  to  have  the  same  pressure, 
volume,  operating  temperature  and  cyclic  life  requirements,  but  were 
to  incorporate  different  winding  patterns  which  depended  on  each  vessel’s 
shape  (sphere  or  closed-end  cylinder).  The  specific  initial  criteria 
selected  for  establishing  the  two  designs  are  summarized  in  Table  I, 
and  schematics  of  the  preliminary  configurations  are  shown  in  Figure  1. 

Based  on  the  preliminary  design  criteria,  studies 
were  initiated  to  (a)  establish  effects  of  fabrication  processes  on  vessel 
design  details,  (b)  parametrically  evaluate  vessel  geometric  details 
to  provide  weight  optimized  configurations,  and  (c)  evaluate  and  apply 
concurrent  fracture  mechanics  data  being  developed  under  NAS  3-14380 
(Reference  1)  to  provide  ’’safe-life"  for  the  specified  cyclic  fatigue 
requirement.  Results  of  the  studies,  which  had  an  effect  on  selection 
of  the  final  design  criteria,  are  briefly  discussed  below. 

2.  Metal  Shell  Fabrication  Process  Studies 


a.  Forming  Methods 

The  various  methods  of  forming  pressure 
vessel  heads  were  thoroughly  investigated  during  precontract  efforts 
and  the  initial  design  phase.  It  was  concluded  that  deep  drawing  was 
generally  advantageous  over  the  forging  or  spinning  methods  in 
terms  of  controlling  process  variables,  metallur igical  and  mechanical 
properties,  and  cost  considerations.  A  primary  reason  machined 
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forgings  were  preferred  over  deep  drawn  heads,  in  spite  of  higher  costs, 
concerned  integral  bosses.  The  integral  boss  feature  permits  the 
strain  distribution  in  the  boss-membrane  transition  region  of  filament 
reinforced  metal  tank  heads  to  be  more  uniform  during  pressure  testing. 
Loads  in  the  metal  shell  are  carried  by  homogeneous  parent  material 
unmarred  by  possible  weld-associated  strain  discontinuities  caused  by 
mismatch,  shrinkage,  undercut,  drop  through,  etc.  Conventional 
drawn  heads  require  welding  separate  bosses  and  the  attendant  risks 
involved. 


However,  the  method  selected  for  fabricating 
heads  in  this  program  eliminated  this  tradeoff,  while  achieving  the  best 
features  of  both  machined  forgings  and  draw  formings.  The  method 
consists  of  draw  forming  the  heads  from  starting  blank  plate  material 
in  which  the  boss  configuration  and  membrane  thickness  has  been 
premachined  in  the  flat.  Thus,  the  better  microstructure,  process 
control,  and  lower  costs  associated  with  deep  drawing  are  retained,  while 
incorporating  the  desired  integral-boss  feature  of  a  machined  forging. 
There  is  no  expensive  tracer  or  numerical  controlled  machining  after 
deep  drawing  as  is  required  on  a  forging  to  obtain  the  necessary  contour 
and  thickness.  Also,  the  drawn  heads  made  from  annealed  plate  and 
formed  at  room  temperature  retain  the  wrought  properties  of  plate  as 
opposed  to  the  larger  grain  size  and  variable  microstructure  of  a 
forging  (which  is  generally  poorest  at  the  equator  where  girth  welding 
is  to  be  performed). 


A  final  draw  is  applied  to  ’’set”  the  shape 
precisely  and  minimize  diameter  mismatch  for  welding.  After  girth 
welding,  the  units  are  solution  treated  and  aged  to  the  -T62  condition. 
Forged  heads  would  be  in  the  -T6  or  T852  condition  after  heat  treatment 
and  exhibit  much  lower  transverse  elongation  than  drawn  heads  in  the 
-T62  condition.  Comparative  mechanical  properties  given  in  the  Aloca 
Green  Letter,  Reference  2,  arelistedon  the  following  page: 
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Tensile  Strength,  MN/m  (ksi) 

Longitudinal 

Transverse 

2 

Yield  Strength,  MN/m  (ksi) 

Longitudinal 

Transverse 

Elongation,  % 

Longitudinal 

Transverse 


2219  Aluminum  Alloy 

-T62 

-T6 

-T852 

Plate 

Die  Forging 

Die  Forging 

372  (54) 

400  (58) 

427  (62) 

372  (54) 

386  (56) 

414  (60) 

248  (36) 

262  (38) 

345  (50) 

248  (36) 

248  (36) 

317  (46) 

8 

8 

6 

8 

4 

3 

Based  on  the  technical  aspect  of  the  preceding 
discussion  and  SCI's  precontract  proposal  efforts,  the  deep  draw  process 
as  outlined  above  was  selected  for  forming  the  heads  of  both  vessel 
configurations. 


b.  Thermal  Treatment 

Alloy  Z219  is  an  age-hardenable  alloy  of  aluminum 
with  CuAl2  as  the  sole  precipitation  hardener.  The  T62  temper, 
solution  treated  and  age  hardened,  was  selected  for  this  configuration 
because  of  the  excellent  weld  efficiency,  approaching  100  percent  that  of 
the  parent  metal.  Alcoa  recommends  a  solution  treatment  of  808  K 
(995°F)  and  cold  water  quench  followed  by  aging  at  464K  (375°F)  for 
36  hours  to  yield  the  T62  temper.  However,  to  be  consistent  with 
concurrent  fracture  mechanics  studies  (Reference  1),  it  was  decided 
to  employ  the  T62  temper  parameters  recommended  by  Boeing  Specification 
BAC5602  which  differs  only  in  that  a  96  hour  natural  age  precedes  the 
artificial  age  treatment. 


5 


In  order  to  minimize  part  distortion  during  the 
above  heat  treatment,  it  is  necessary  to  control  the  quench  delay  time. 


The  quench  delay  period  begins  when  the  first  corner  of  the  part  emerges 
from  the  solution  treatment  bath  and  ends  when  the  last  corner  of  the 
part  is  immersed  in  the  quench  fluid.  Boeing  Specification  BAC5620 
precribes  a  25  second  maximum  quench  delay  period  for  material 
thicknesses  greater  than  0.635cm  (0.  250  inch).  In  order  to  insure  that 
the  allowable  quench  period  was  not  exceeded  for  the  present  application, 
a  flow  rate  versus  tank  port  diameter  study  was  initiated. 


The  volume  of  both  the  spherical  and  cylindrical 
tanks,  defined  by  the  initial  criteria,  was  434  liters  (115  gallons);  the 
corresponding  weight  of  the  spherical  aluminum  shell  was  approximately 
52.  2  kg  (115  pounds).  Two  "55  gallon  drums*^  were  welded  together  to 
form  a  test  specimen  which  met  volume  and  weight  requirements 
(approximately  114  gallons  and  85  pounds).  Each  end  of  the  test  specimen 
had  provision  for  varying  the  port  opening  from  7.  6  to  10.  2cm  (3  to  4 
inch  )  diameters.  The  test  sepcimen  was  set  up  in  the  actual  heat  treat 
area  (specified  for  use  during  the  program)  and  the  quench  process 
simulated  for  the  7.  6  and  10.  2cm  (3  and  4  inch)  port  diameters.  The 
following  table  lists  the  results: 


Port 

Diameter,  Dp 
cm  (inch) _ 


Port 
Area,  A 
cm'^(incl^) 


Time  to 
Fill 

(second) 


Averse  Flow 
Rate,Q 
liters/  sec 
(gal/  second) 


Q  /A 

liters  sec"^  cm‘ 
(gal,  sec"*^  in"*^) 


7.  6  (3,  0)  45.  6  (7.  07)  72 

10.2(4.0)  81.3(12.6)  40 


5.  98  (1.  58)  0.  131  (0.  223) 

10.8  (2.  85)  0.133  (0.226) 


Based  on  an  extrapolated  Q  /  A  value  0.  135 
liters  sec"^  cm"^  and  a  required  flow  rate  of 


Q  z:  434  liters/ 25  second  =  17.  37  liters/ sec  (4.  60  gal /sec). 


the  necessary  port  diameter  was  calculated  to  be 


D 


P 


4Q 

_rT(G/A)__ 


=  12.  8cm  (5.  04  in) 


It  was  concluded  from  this  study  that  12.  8cm  (5  in)  I.  D.  ports  were 
required  for  both  the  spherical  and  cylindrical  vessels. 


i 


\ 
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3. 


Design  Optimization  Studies 


In  order  to  establish  weight-optimized  designs  for  both 
the  S-Glass  overwrapped  sphere  and  the  Kevlar  overwrapped  cylindrical 
vessel,  parametric  studies  were  conducted  to  fix  composite  and  metal 
shell  thicknesses  and  stresses.  The  methods  defined  in  Reference  3 
were  used  to  establish  the  design  variables,  and  calculations  were 
performed  using  the  NASA  Computer  Program,  Reference  4.  Properties 
of  the  2219- T62  aluminum,  S-901  glass  filaments  and  Kevlar  49  filaments 
were  reviewed  and  revised  (where  necessary)  to  reflect  design  service 
requirements  and  recent  data  generated  on  ”in-house'’programs. 

Resultant  design  properties  used  in  the  parametric  studies  for  the  aluminum 
are  presented  in  Table  II,  and  allowable  filament  stresses  for  both  fibers 
are  presented  in  Table  III.  The  following  table  lists  values  for  significant 
parameters  associated  with  each  of  the  resultant  preliminary  designs: 


Parameter 

Glass  Filament 
Reinforced  Sphere 

Kevlar 

Filament 

Reinforced 

Cylinder 

Metal  Shell  Thickness,  cm  (inch) 

0.  635  (0.  250) 

0.  833  (0.  328) 

Composite  Wall  Thickness,  cm  (inch) 

0.  719  (0.  283) 

0.  808  (0. 318) 

Cylinder  Hoop,  cm  (inch) 

-- 

0.  612  (0.  241) 

Cylinder  Kongo,  cm  (inch) 

-- 

0.  196  (0.  077) 

Ambient  Sizing  Pressure,  N/cm^  (psi) 

2082  (3020) 

2273  (3296) 

Ambient  Sizing  Stress 

in  metal  shell,  MN/m^  (ksi) 

317  (45.  9) 

325  (47. 2) 

Operating  Pressure,  N/cm  (psi) 

1475  (2140) 

1475  (2140) 

Operating  Stress  in 

Metal  Shell,  MN/m^  (ksi 
at  297K  (+  70OF) 
at  344K  (+  160OF) 
at  117K  (-250°F) 

145  (21. 0) 

134  (19. 5) 

186  (27.  0) 

178  (25.  8) 
165  (24.0) 
252  (36. 5) 

Minimum  Burst  Pressure,  N/cm  (psi 

)  2950  (4280) 

2950  (4280) 
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Ambient  operating  stress  levels  in  the  metal  shells 
(defined  in  the  above  table)  were  compared  to  the  allowable  values 
extrapolated  from  cyclic  flaw  growth  data  reported  in  Reference  1.  In 
both  cases,  the  cyclic  life  data  indicated  the  design  operating  stress  Cq 
had  to  be  further  decreased  to  a  value  of  138  MN/m^  (20,  0  ksi)  to  meet 

the  minimum  design  cyclic  life.  The  primary  cause  for  the  low  value  ^ 

for  allowable  operating  stress  was  the  conservative  approach  which  had 

to  be  used  to  extrapolate  the  cyclic  life  data  from  the  known  0.457cm 

(0.  180  inch)  metal  thickness  value  to  values  corresponding  to  preliminary 

design  thickness  requirements.  Based  on  these  results  and  their  effects 

on  vessel  weight,  more  fracture  data  was  required  in  this  thickness  ■ 

range  to  eliminate  excessive  conservatism. 

In  order  to  supplement  the  existing  service  life  data 
reported  in  Reference  1,  two  0.  813cm  (0.  32  inch)  thick  2219-T62 
aluminum  uniaxial  surface  flawed  (flaw  shape 0,  20)  specimens  were 
fabricated  by  SCI  and  tested  by  The  Boeing  Company  to  determine  the 
failure  loci  and  fatigue  flaw  growth  rates  for  the  thicker  base  metal  (BM) 
aluminum  material.  One  of  the  61-cm-long  by  19-cm-wide  (24-inch- 
long  by  7.5-inch-wide)  specimens  is  shown  in  Figure  2,  The  static 
fracture  test  result  is  shown  in  Figure  3  along  with  the  0.  229  and  0.457cm 
(0.  090  and  0.  180  inch)  thick  base  metal  results  from  Reference  1,  This 
specimen  was  loaded  directly  to  failure  at  ambient  temperature.  Figure  4 
shows  the  fatigue  flaw  growth  rates  obtained  from  the  cyclic  specimen 
tested  in  addition  to  data  from  Reference  1  for  the  0.  229  and  0.457cm 
(0,  090  and  0.  180  inch)  thick  results.  This  specimen  was  first  sized 
to  a  stress,  Og  ,  of  317  MN/m^45.9  ksi)  and  then  cycled  to  flaw 
breakthrough  at  207  MN/m^  (30  ksi)  and  ambient  temperature.  The 
cyclic  test  was  conducted  at  a  O^nin/  CTmax  ratio)  of  zero  and  a 

test  frequency  of  60  cpm.  It  appeared  from  the  results  presented  in 
Figure  4  that  the  fatigue  flaw  growth  rates  for  the  0.  813cm  (0.  320  inch) 
thick  material  were  essentially  equal  to  the  0.  457cm  (0.  180  inch)  thick 
results. 

The  preceding  test  results  and  those  reported  in  ( 

Reference  1  were  used  to  determine  the  maximum  flaw  that  could  exist 
in  the  liner  after  sizing.  It  was  assumed  that  this  flaw  then  grows  due 
to  the  operating  cycles  until  it  penetrates  the  liner  thickness.  The  flaw 

growth  rates  presented  in  Figure  4  and  Reference  1  were  then  used  to  ^ 

determine  the  number  of  cycles  required  for  the  flaw  to  grow  through- 
the -thickness.  Allowances  were  made  for  the  base  metal  and  weld 
metal,  R  ratio  effects  and  temperature  effects. 
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FLAW  I 


FIGURE  3;  Uniaxial  2219-T62  Aluminum  Base  M 


Results  of  the  analysis  are  presented  in  Tables  IV  and  V, 
in  terms  of  number  of  cycles  to  leakage,  for  the  preliminary  Glass  FR 
sphere  and  Kevlar  FR  cylinder  designs,  respectively.  Inspection  of  the 
values  for  cycle  life  over  the  temperature  range  indicated  design 
adjustments  had  to  be  made  to  provide  full  required  cyclic  life  capability 
(1000  full  pressure  cycles  and  4000  partial  pressure  cycles  per  Table  I). 

4,  NASA  Redirection 

At  this  point  in  the  technical  effort  the  original  work 
statement  for  this  program  was  being  reevaluated  by  NASA  to  insure  that 
program  objectives  reflected  current  space  program  requirements  (i.e. 
necessity  for  increased  weight  reduction  and  changes  in  design  factors 
of  safety  and  pressure  cycling  requirements).  Concurrent  with  the  NASA 
evaluation,  an  additional  parametric  study  was  conducted  by  SCI 
to  further  optimize  vessel  designs  under  evaluation  on  this  program. 

Previous  optimization  studies  had  indicated  Kevlar  fibers  in  combination 
with  the  spherical  shape  resulted  in  the  greatest  weight  saving  potential; 
thus,  a  Kevlar  FR  Z219-T62  aluminum  sphere  was  selected  as  a  study 
focal  point.  Data  trends  were  established  which  related  vessel  weight, 
burst  factor  of  safety  and  operating  conditions  in  the  aluminum  and  Kevlar 
overwrap.  These  curves,  Figures  5  through  7 ,  then  used  to 

establish  values  for  cycle  life  dependent  parameters  for  a  representative 
number  of  specific  design  points.  These  data  were  then  transmitted  to 
The  Boeing  Company,  prime  contractor  on  Contract  NAS  3-14380,  for 
their  use  in  establishing  the  corresponding  cycle  life  (based  on  fracture 
control)  for  each  design  point. 

An  extensive  detailed  analysis  of  the  various  data  was 
conducted  to  establish  the  further  relationship  between  vessel  weight,  burst 
factor  of  safety,  and  vessel  cycle  life  guaranteed  by  the  proof  (sizing)  test. 
Based  on  the  general  data  a  specific  design  point  was  selected  and,  with 
NASA  approval,  a  detailed  preliminary  design  analysis,  engineering 
drawings,  and  a  metal  shell  fabrication  specification  were  prepared  and 
sent  to  NASA  to  aid  in  their  evaluation.  The  table  on  page  30  lists  significant 
parameters  associated  with  the  preliminary  Kevlar  FR  aluminum  sphere 
design: 


-  V 

'*=See  List  of  Symbols,  Appendix  J 
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BM  critical  if  operated  at  RT 
WM  critical  if  operated  at  78 
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FR  2219- T62  Aluminum  Spheres 


METAL  SHELL  SIZING  STRESS  (cTg) 


Parameter 


Value 


Vessel  Weight  (W) . 54.4  kg  (120  Ibm) 

3  ^ 

Internal  Volume  (V) .  0.434  m  (26  500  in  ) 

Burst  Pressure  (p^)  . .  2206  N/cm^  (3200  psi) 

Burst  Factor  of  Safety .  1.5 

Operational  Cycles  Guaranteed  by  Proof  Test.  418 

Sizing  Pressure .  1586  N/cm^  (2300  psi) 

Aluminum  Sizing  Stress  .  330  MN/m^  (47.9  ksi) 

Aluminum  Operating  Stress, .  288  MN/m^  (41.7  ksi) 

Filament  Operating  Stress .  2230  MN/m^  (178  ksi) 

Aluminum  Shell  Thickness .  0.  390cm  (0.  154  inch) 


Kevlar/epoxy  Composite  Thickness . 0.  615cm  (0.  242  inch) 

Burst  Performance  Factor,  p|^V/W .  174  J/g  (697  000  in-lb/lbm) 


Based  on  NASA's  reevaluation  of  program  objectives 
coupled  with  the  weight  reduction  associated  with  the  above  sphere  design, 
the  program  scope  of  work  was  revised  to  provide  for  a  Kevlar  FR 
aluminum  sphere  design.  Additionally,  the  design  effort  on  the  Kevlar  FR 
aluminum  cylindrical  vessel  was  terminated;  this  vessel  was  replaced 
by  a  more  efficient  Kevlar  FR  cryoformed  301  stainless  steel  sphere. 

The  tasks  of  designing  the  Kevlar /  stainless  steel  pressure  vessel  and 
fabrication  of  the  required  metal  liner  assemblies  were  delegated  to 
ARDE,  Incorporated  and  are  further  discussed  in  Section  III  of  this  report. 
Final  design  criteria  for  the  two  Kevlar  FR  metal  spheres  are  contained 
in  Table  VI.  All  further  discussions  contained  in  this  section  (II)  of  the 
report  address  the  Kevlar /aluminum  sphere  only. 


FINAL  PRESSURE  VESSEL  DESIGN  CRITERIA 
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ervLce  requirement  is  400  cycle  life,  but  vessels  are  to  be  subjected  to  1600  pressure 
ycles  (400  cycles  x  scatter  factor  of  4)  during  qualification. 


B,  DESIGN 


The  Kevlar  FR  aluminum  vessel  is  fabricated  from  an 
impermeable,  load-bearing  2219-T62  aluminum  alloy  liner  that  is  solution- 
treated  and  aged  and  subsequently  overwrapped  with  epoxy  impregnated 
Kevlar-49  roving  and  cured.  After  fabrication,  the  vessel  is  pressure- 

sized/proof-tested  at  ambient  temperature  to  obtain  the  desired  shell  f 

prestresses  and  screen  preexisting  flaws  in  the  metal-shell. 

Final  design  of  this  vessel  was  based  on  the  fabrication  process 
studies,  design  optimization  studies,  and  the  final  design  criteria  (Table  VI)  v 

discussed  in  Section  IIA.  Material  allowables,  vessel  membrane  and  boss 
analyses,  cycle-life  calculations,  and  winding  pattern  details  are  contained 
in  the  design  analysis  included  as  Appendix  A.  Engineering  drawings  of 
the  2219-T62  aluminum  liner  assembly  (Part  Number  1269381)  and  the 
Kevlar  FR  spherical  vessel  (Part  Number  1269382)  are  shown  in  Figures 
8  and  9,  respectively. 

As  noted  in  Appendix  A,  the  design  analysis  was  based  on 
minimum  thicknesses  of  0.  391cm  (0.  154  inch)  and  0.  71 1cm  (0.  280  inch) 
for  the  aluminum  and  Kevlar/ epoxy  shells,  respectively.  Based  on  the 
shell  thickness  tolerances  shown  in  Figures  8  and  discussed  in  Appendix  A, 
the  expected  average  thicknesses  for  the  aluminum  and  Kevlar/ epoxy  shells 
were  determined  to  be  0.  439  and  0.  787 cm  (0.  17  3  and  0.310  inches) , 
respectively.  Since  the  behavior  of  the  vessel  during  performance  testing 
can  be  better  approximated  using  average  rather  than  minimum  thickness 
values,  the  design  of  Appendix  A  was  re-analyzed  to  obtain  pressure/ stress 
values  based  on  the  average  thickness  values.  Table  VII  (from  Appendix  A) 
presents  a  summary  of  the  mechanical  properties  used  for  the  design 
analysis.  A  summary  of  final  vessel  design  parameters  for  the  Kevlar/ 
aluminum  vessel  is  given  in  Table  VIII.  The  resultant  vessel  design 
stress  -  strain  relationship  is  presented  in  Figure  10,  and  the  design 
pressure  versus  strain  curve  is  presented  in  Figure  11.  Greater  detail 
may  be  found  in  the  Sizing  Test  Procedure  included  as  Appendix  B. 

Two  additional  documents  which  were  established  under  this  ^ 

design  task  and  subsequently  approved  by  NASA  are  the  Metal  Shell 
Fabrication  Specification  and  the  Composite  Process  Procedure  included 
as  Appendices  C  and  D,  respectively.  These  documents  are  discussed  in 
the  following  section. 
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MATERIAL  PROPERTIES  USED  FOR  KEVLAR/ALUMINUM  VESSEL  DESIGN 
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Filament  Value 


TABLE  VIII 


KEVLAR-49  FR  2219-T62  ALUMINUM 
PRESSURE  VESSEL  DESIGN  PARAMETER  SUMMARY 


Parameter 


Value 


Shape . Sphere 

Volume,  m^  (in^) .  0.444  (27  100) 

Outside  Diameter,  cm  (in.  ) .  97.  10  (38.  23) 

Thicknesses,  cm  (in.  ) . 

Liner .  0,439  (0.173) 

Filament- Wound  Composite .  0.787  (0.310) 

Weight,  kg  (Ibm) .  67,3  (148,4) 

Pressures,  N/ cm^  (psi) . 

Operating  .  . .  1396  (2024) 

Sizing .  1871  (2714) 

Burst  (minimum) .  2787  (4042) 

Burst  Factor  of  Safety . 2.  0 

Operating  Stresses,  MN/m^  (ksi . 

Liner .  172  (25,  0) 

Filaments .  1000  (145.0) 


Operating  Cycles,  Including . 

Scatter  Factor . 1600 

2 

Failure  Stresses,  MN/m  (ksi) . 

Liner . .  359  (52.  0)  52  000 

Filaments .  1972  (286.  0)  286  000 


Performance  factor,  pV/W,  J/g  (in-lb/lbm)  .... 

Operating  .  92  (370  000) 

Burst  .  184  (740  000) 


< 
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F  ailure 


Sizing 


Operating 


Kevlar  Filaments 


After 

Sizing 


2219-T62 

Aluminum 


|L  As 

Fabricated 


STRAIN,  % 

FIGURE  10:  Ambient  Stress/Strain  Relationship 

For  Kevlar-49  FR  2219- T62  Aluminum  Sphere 


MEMBRANE  STRESS,  ksi 


C.  FABRICATION 

1.  Aluminum  Liner  Assemblies 


Prior  to  metal  shell  manufacturing,  a  detailed 
fabrication  flow  chart  was  prepared  to  define  fabrication  processes, 
engineering  and  inspection  requirements,  and  tooling  and  support  functions 
for  all  half-shell  and  liner  assembly  operations.  The  fabrication  plan. 
Figure  IZ,  was  then  used  to  establish  a  metal  shell  fabrication  specification 
covering  all  requirements  for  the  2219- T6Z  aluminum  liner  assemblies; 
this  document  is  included  as  Appendix  C.  Based  on  the  fabrication 
specification  and  the  process  studies  conducted  under  the  design  task, 
critical  processes  were  selected  for  further  pre -manufacturing  verification. 

a.  Material  and  Process  Verification  Studies 
( ^)  Material  Properties 

In  order  to  verify  the  structural  properties 
of  the  heat  and  thickness  of  2219  aluminum  obtained  for  the  program,  tensile 
specimens  were  fabricated  in  accordance  with  Federal  Test  Method 
Standard  Number  151.  All  specimens  were  fabricated  from  stock  2219-0 
aluminum  plate  machined  to  the  required  0.  391cm  (0.  154  inch)  thickness. 
Additionally,  half  the  specimens  were  machined  from  0.  391cm  (0.  154  inch) 
thick  aluminum  which  had  been  previously  Electron  Beam  (EB)  fusion-butt 
welded  together.  Four  specimens  (two  parent-two  welded)  were  selected 
from  the  lot  and  subsequently  solution  heat  treated  and  aged  to  the  T-62 
condition.  These  four  specimens  were  then  tested  in  tension;  results 
of  the  tests  are  recorded  in  Table  IX.  All  test  values  exceeded  the 
minimum  allowable  property  requirements  (Reference  5)  as  defined  in  the 
following  table: 


Parent 

Metal 


Weld(94% 

(Efficiency) 


Ultimate  Tensile  Strength,  Minimum  372  MN/m^ 

(54.  0  ksi) 


352  MN/m^ 
(51.0  ksi) 


Yield  Strength  (0.  2%  offset) 


248  MN/m^ 
(36.  0  ksi) 


241  MN/m^ 
(35.  0  ksi) 


Elongation  in  2-inch,  % 


7 


6 
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FI6URE...I2:  Z2I9-T62  ALUMINUM  SPHERE  FABRICAriON  PLAN 
SHEET  I  -  HALF  SHELL  FABRICATION 
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FIGURE  12:  22I9-T62  ALUMINUM  SPHERE  FAB[?ICATION  PLAN 
SHEET  2- ASSEMBLY  FABRICATION 


TABLE  IX 


MATERIAL  ACCEPTANCE  TEST  RESULTS  FOR  2219-T62  ALUMINUM 


Strength  MN/m^  (ksi) 

Elongation,  % 

Specimen 

Type 

(b) 

Yield 

Ultimate 

(c) 

5.  08  cm 

(2.  0-inch)  Gage 

Length 

1 .  27  cm 

(0.  5-inch)  Gage 

Length 

Parent  Metal 

268  (38.  8) 

403  (58.4) 

9.  0 

N.  A. 

268  (38.  8) 

405  (58.  7) 

9.  5 

N.  A. 

E.B.  Welded 

284  (41.  2) 

405  (58.  8) 

9.  0 

16.  0 

270  (39.  2) 

400  (58.  0) 

9.  0 

20.  0 

a 

Fabricated  and  tested  in  accordance  with  Federal  Test  Method  Standard 
Number  151 

b 

Specimen  thickness  0.406  +  0.  015  cm  (0.  160  +  .  006  inches) 

^Location  of  fracture  in  parent  metal 


A 
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(2)  Forming  Development 


Verification  of  the  draw  forming  process 
parameters  and  the  preliminary  half-shell  (preform)  thickness  profile 
was  obtained  using  pre -machined  blanks  of  aluminum  alloys  6061  and 
2024,  The  6061  aluminum  blanks  were  used,  initially,  to  check  the  tooling, 
forming  process,  and  resultant  shell  geometry.  The  formed  hemispheres 
were  subsequently  EB  girth  welded  together  ^preliminary  weld  process 
check  for  0.  391cm  (0.  154  inch)  thick  material]  ,  subjected  to  heat 
treatment  (to  reveal  any  shell  distortional  effects),  and  the  resultant 
liner  assembly  used  a-s  a  mandrel  for  winding  pattern  verification.  It 
should  be  noted  that  alloy  6061  is  not  a  good  forming  simulator  for  2219 
aluminum  and  was  not  used  to  verify  thickness  profile. 

Alloy  2024  is  an  excellent  forming  simulator 
for  2219  aluminum  and  was  used,  subsequent  to  the  606l  forming,  to 
verify  the  2219  half  shell  thickness  profile.  Several  draws  were  required 
to  shape  the  parts  to  the  full  depth,  and  a  stress  relief  was  performed 
after  each  required  draw.  It  was  concluded  from  this  study  that  no 
problems  were  anticipated  in  forming  the  2219  aluminum  half- shells  or 
obtaining  the  desired  shell  thickness  profile. 

( Girth  Weld  Process 

As  discussed  above,  satisfactory  results 
were  obtained  for  EB  welded  joints  prepared  from  design  thickness  flat 
2219  aluminum  stock.  Girth  welding  of  the  6061  aluminum  half- shells 
provided  additional  information  on  weld  process  details  for  specimens 
with  curvature. 


Final  verification  of  the  welding  process 
was  obtained  utilizing  full-diameter  girth  weld  simulators.  This  work 
was  accomplished  with  37.  5  inch-diameter  2219  aluminum  hemispheres 
which  had  been  formed  to  include  an  excess  prolongation  of  material  at 
the  equatorial  diameter.  The  specimens  were  used  to  checkout  half¬ 
shell  fitup  and  weld  tooling  as  well  as  the  EB  welding  schedule. 

Fitup  was  good,  and  joint  welding  easily 
accomplished.  After  welding,  the  prolongation  was  machined  from  the 
welded  assembly,  and  the  full-diameter  ring  X-rayed;  the  weld  joint 
passed  the  established  acceptance  criteria.  Portions  of  the  full-diameter 
girth  weld  ring  were  solution-treated  and  aged  to  the-T62  condition,  and 
mechanical  test  specimens  prepared  to  the  configuration  shown  in  Figure  13. 


Mechanical  test  results  are  given  in  Table  X.  Properties  were  in  excess 
of  design  values,  and  all  failures  occurred  in  parent  metal.  Results 
of  this  study  indicated  no  problems  were  anticipated  for  the  welding 
process  or  welded  material  properties. 

(4)  Heat  Treatment  Procedure 


Aluminum  606l  preform  blanks  (used  in  the 
aluminum  half- shell  forming  process  verification)  were  deep-draw  formed 
into  hemispheres  with  approximate  design  wall  thickness,  girth-welded 
together,  and  subsequently  used  to  evaluate  the  heat-treat  process.  The 
unit  was  heated  to  the  solution  treatment  temperature,  then  subjected  to 
water  quench.  Results  of  the  heat-treat  evaluation  of  this  unit  confirmed 
that  the  12.7cm  (5  inch)  diameter  ports  were  of  sufficient  size  to  allow 
the  unit  to  be  quenched  in  the  required  15- second"*'  period.  Inspection 
with  contour  templates  indicated  there  was  no  distortion  of  the  metal 
sphere  during  the  solution  treatment  and  subsequent  water  quench. 

Figure  14  shows  the  full-scale  metal  shell  after  heat  treatment  process 
verification. 


b.  Half-Shell  Fabrication 

Based  on  the  initial  process  verification  studies, 
sixteen  142cm  (56.0  inch)  diameter  by  2.95cm  (1.  16  inch)  thick  2219-0 
aluminum  blanks  were  machined  to  the  established  preform  thickness 
profile  and  subsequently  draw-formed  into  the  half- shell  configuration  per 
Drawing  Number  1269381  (Figure  8).  Twelve  of  the  sixteen  half- shells 
were  final  machined  at  the  equatorial  girth  weld  joint  area  and  inside 
and  outside  surfaces  polished;  four  units  were  lost  during  the  machining/ 
forming  process  .  Four  of  the  acceptable  units  required  minor  rework 
prior  to  final  machining.  Figures  15  and  16  show  some  of  the  half- shells 
at  this  point  in  the  fabrication  process. 

The  half-shells  were  then  visually  inspected 
for  surface  cracks,  scratches,  and  defects  and  dimensionally  inspected 
per  the  criteria  of  Appendix  C  and  the  metal  shell  drawing,  1269381. 
Thickness  measurements  were  obtained  at  sixty-four  locations,  on  each 
half-shell  using  Vidigage  equipment.  In  order  to  verify  that  thickness 


"^Required  period  for  material  thickness  of  0.  390cm  (0.  154  inch) 
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WELD  PROCESS  TEST  RESULTS  FOR  2219-T62  ALUMINUM' 
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tolerances  were  maintained  over  the  dome  contour,  the  half- shell 
was  divided  into  surface  area  elements  (for  analysis)  per  the  sketch 
below. 


t 


* 


The  equation  for  each  surface  area  element  is 

.  _  2 

AA-  r  sin  0  t  (O  tsB 

where,  A  9  (defined  by  eight  meridians)  was  selected  as  it/4  radians 
(45°)  and  ip  was  determined  from  eight  circumferential  circles 

defined  by  ^  values  which  were  7t/18  radians  (10°)  apart 
(i.e.  =  90,80,70 .  20  degrees). 


To  determine  the  percentage  (%)  i  of  the 
total  surface  area  (A)  which  was  in  a  specific  tolerance  range  (i), 
the  following  relation  was  used: 


(%)i  = 


90 

10£_  j 

A  0 


A  A 


where. 


Ni  =  number  of  surface  area  elements  at  (0  in 
thickness  tolerance  range  i 
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The  six  applicable  thickness  tolerance  ranges  obtained  from  the  metal 
shell  drawing  (1269381)  are: 


Range 

T  h  i  c  k  n  e 

s  s 

%  of  Total  Surface 

Area  in  Indicated  Tolerance  Range 

Symbol 

Tolerance 

Range 

Design 

Acceptance 

_liL_ 

c  m 

(in) 

Objective 

Criteria 

f 

1 

<.391 

(<. 154) 

0 

0 

2 

.  391  to  .442 

(.  154  to  .  174) 

80 

- 

3 

.  443  to  .467 

(.  175  to  .  184) 

10 

80 

y 

4 

.  468  to  .493 

(.  185  to  .  194) 

10 

10 

5 

.  494  to  .  518 

(.  195  to  .  204) 

- 

10 

6 

>.518 

(>.  204) 

0 

0 

Results  for  calculated  area  percentages  are  contained  in  Table  XI  along 
with  other  selected  inspection  data  for  each  half- shell. 

As  noted  in  the  table,  three  half- shells 
(Serial  Numbers  5,  7,  and  8)did  not  meet  the  established  acceptance 
criteria  for  shell  thickness  tolerance;  the  variation  of  Serial  Number  7 
was  minor.  Because  of  the  unavailability  of  spare  half-shells  (the  four 
spares  had  to  be  scrapped  during  the  preform-machining/forming 
processes),  the  under  thickness  units  were  accepted  and  assigned 
to  the  dome  liner  assembly  (Serial  Number  S-6),  The  thickness 
tolerance  and  other  geometric  parameters  for  all  other  half- shells 
was  excellent;  many  actually  exceeded  the  acceptance  criteria  and 
met  the  thickness  tolerance  ’’design  objective". 

Assignment  of  half-shells  to  liner 
assemblies  was  based  on  the  following  criteria: 

(1)  Equatorial  diameter  match 

(2)  Equatorial  thickness  match 

(3)  Half-Shell  average  thickness  match 

(4)  Visual  defects  and/or  geometric  discrepancies 

The  prime  consideration  was  an  equatorial  diameter/ thickness  match  which 
was  necessary  to  minimize  fitup  problems  during  welding.  The  resulting 
liner  assembly  assignments  based  on  the  above  criteria,  are  contained 
in  Table  XI, 
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.  391  to  ,  44i  cm 
.  445  to  .  467  cm 
.  470  to  .49  5  cm 


Final  Assembly 


c. 


Final  manufacture  (welding/heat  treating) 
of  the  six  aluminum  liner  assemblies  was  conducted  in  two  lots  of  three 
assemblies  each*  The  first  lot  consisted  of  Assembly  Serial  Number  S-1 
(half-shells  15  and  16),  Assembly  Serial  Number  S-Z  (half-shells  11 
and  14),  and  Assembly  Serial  Numiber  S- 3  (half-shells  4  and  7).  These 
first  three  assemblies  w'ere  EB  girth  welded  according  to  the  preescablished 
weld-schedule/process  without  incident.  Figure  IT  shows  a  half  shell 
assembly  prior  to  welding.  Subsequent  radiographic  and  dy  j -penetrant 
inspections  indicated  that  A*ssemblies  S-1  and  S-3  w'ere  acca^ptable  and 
free  from  any  significant  defects.  Radiographic  inspection  of  Assembly 
S-2  revealed  excessive  porosity,  probably  in  the  weld-drop- through. 

This  unit  was  reweided  using  a  previously  established  repair  weld 
procedure  consisting  of  full  penetration  and  cosmetic  passes.  Subsequent 
X-rays  and  dye-penetrant  inspections  showed  a  "clear"  defect  free  weld 
joint. 


Following  welding,  the  three  assemblies 
were  solution-treated  and  aged  to  the  -T62  condition  without  any  visable 
distortion,  and  were  submitted  for  final  inspection.  Dimensional 
inspection  of  the  port  area  of  the  three  liner  assemblies  revealed  that 
the  boss  bore  and  bolt-hole -pattern  had  decreased  in  size.  The 
following  table  summarizes  the  inspection  results: 


Half 

Shell 

Bolt  Circle  Diameter 

Min  / Max  Dimensions 

Boss  Bore  Diamter 

Min  /  Max  Dimensions 

S/N 

cm 

(in) 

cm 

(in) 

16 

14. 171/14. 221 

(5. 579/5. 599) 

1.  .  598/12. 642 

(4. 960/4. 977) 

15 

14. 201/14. 254 

(5,  591/5.  612) 

12.  631/12. 652 

(4-  973/4.  981) 

11 

14. 229/ 14. 252 

(5.  602/5.  61 1) 

12.  657/12.  670 

(4.  983/4.  988) 

14 

14. 188/ 14. 227 

(5, 586/5. 601 

12.  606/  12.  649 

(4.  963/4.980) 

7 

14. 221/14. 239 

(5. 599/5. 606) 

12. 649/ 12. 667 

(4. 980/4. 987) 

4 

14. 173/ 14. 209 

(5. 580/5. 594) 

12.  593/  12.  606 

(4.  958/4.  963) 

The  pre-heat  treatment  value  (obtained  from  half-shell  inspection  logs)  for 
the  bolt-circle-diameter  was  14.288cm  (5.625  inch)  and  for  the 

boss-bore-diameter  was  12.705cm  (5.002  inch)  per  the  drawing. 

This  permanent  contraction  had  not  been  noted  in  the  process  verification 
studies  since  (1)  a  more  massive  welded-in  "work  horse"  boss  had  been 
used,  and  (2)  concern  with  distortional  effects  had  been  concentrated  on 
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FIGURE  17: 


95.  3  cm  (37.  5  Inch)  Diameter  2Z19  Aluminum 
Half-shell  Assembly  for  Welding 


the  shell  rather  than  the  port.  The  permanent  contraction  had,  obviously, 
occurred  during  the  high  temperature  solution  heat  treatment  and 
subsequent  water  quench. 


In  addition  to  the  general  shrinkage  of  the 
ports,  each  assembly  contained  one  port  (half- shell  Serial  Numbers  16,  14 

and  4)  with  local  inward  permanent  distortions  around  each  of  four  opposed  > 

bolt  holes.  A  reexamination  of  heat  treatment  procedures  indicated  that 

the  local  distortions  around  each  of  the  bolt  holes  had  been  caused  by  four 

steel  bolts  used  to  fixture  the  liner  assembly  during  furnace  aging  and  the 

subsequent  cool  down  period  (solution  treatment  was  eliminated  as  a 

cause  because  a  different  method  of  fixturing  was  employed).  Apparently, 

differential  thermal  expansion/ contraction  between  the  aluminum  boss  and 

the  steel  bolt/fixture  had  caused  large  localized  radial  loads  at  the  bolt 

holes.  The  effect  was  permanent  inward  deformation  in  the  local  area 

of  each  of  the  four  holes.  This  method  of  fixturing  was  revised  prior  to 

heat  treatment  of  the  second  lot  of  liner  assemblies. 

Since  all  half  shell  ports  had  been  final 
machined  prior  to  the  heat  treatment  process  and  no  additional  units  were 
available,  the  two  ports  on  each  of  the  three  liner  assemblies  were 
re  bored  to  a  new  common  inside  diameter  of  12. 682/12, 6  87  cm 
(4.  993/4.  995  inch)  and  accepted  ^’as-is’h  Corresponding  test  closure 
plates  were  redesigned  using  this  value  and  a  new  common  bolt  circle 
diameter  of  14.  214cm  (5.  596  inch)  per  Revision  C  of  Drawing 

1269381.  It  was  concluded  that  any  future  liner  assemblies  manufactured 
according  to  the  above  processes  should  be  initially  machined  "rough’’  in 
the  port  area  and  final  machined  (drill/tap  and  bore)  after  heat  treatment. 

The  second  lot  of  three  liner  assemblies 
consisted  of  Assembly  Serial  Number  S-4  (half-shells  1  and  9),  Assembly 
Serial  Number  S-5  (half-shells  12  and  13),  and  Assembly  Serial  Number 
S-6  (half- shells  5  and  8).  These  assemblies  were  EB  girth  welded 
according  to  the  preestablished  weld-schedule/process  with  only  one 
minor  incident.  Alignment  of  half-shells  12  and  13  over  the  entire  girth 
diameter  (prior  to  welding)  was  very  difficult  in  that  these  units  had  the 
greatest  mismatch  in  diameter  and  thickness  at  the  girth.  As  a  result, 
the  final  welded  assembly,  Serial  Number  S-5,  exhibited  a  0.  157cm 
(0.062  inch)  mismatch  over  a  10^  area  of  the  girth  weld.  Subsequent 
radiographic  and  dye-penetrant  inspection  of  this  unit,  as  well  as 
Serial  Number  S-4  and  S-6,  indicated  that  all  three  units  were  acceptable 
and  free  from  defects,  except  as  noted. 


56 


Based  on  the  earlier  heat  treatment 
information  obtained  for  the  first  three  liner  assemblies,  the  second 
lot  of  three  liner  assemblies  was  solution  treated  and  aged  to  the  -T62 
condition  without  incident.  The  general  shrinkage  of  the  bolt-hole 
pattern  and  boss  bore  did  occur  (this  was  expected  and  could  not  be 
prevented),  but  no  local  deformation  around  bolt  holes  was  indicated 
during  final  inspection  of  the  units.  Both  ports  on  each  of  the  three 
as semblies  were  bored  to  the  new  12.  682  /  12,  687 cm  (4.  993/4.  995 
inch)  inside  diameter  as  previously  discussed.  Table  XII  contains 
dimensional  inspection  data  characterizing  all  six  2219- T62  aluminum 
liner  assemblies. 

2.  Kevlar/ Aluminum  Pressure  Vessels 

Pressure  vessel  fabrication  consisted  of  overwinding 
completed  2219-T62  aluminum  liner  assemblies  with  a  predetermined 
uniaxial  multiangular  pattern  composite  of  epoxy  impregnated  four-end 
Kevlar-49  roving;  following  the  overwrap  process  the  resulting  composite 
material  was  oven  cured.  The  composite  fabrication  task  for  this 
program  focused  on  the  development  of  an  optimum  filament  winding 
pattern;  most  other  fabrication  process  parameters  had  been  previously 
established  under  other  development  programs. 

a.  Kevlar  Overwrap  Pattern  Development 

Concurrent  with  this  program,  an  "in- 
house"  study  was  conducted  by  SCI  to  optimize  the  filament  winding  pattern 
for  spherical  vessels  utilizing  Kevlar-49  continuous  roving.  The  vessels 
used  for  this  effort  were  elastomer  lined  40.  6cm  (16.  0  inch)  diameter 
spheres  incorporating  "molded- in"  metal  bosses.  In  order  to  verify  that 
the  resultant  subscale  geometric  winding  parameters  could  be  used  on 
full-scale  hardware,  a  pattern  development  study  was  conducted.  This 
study  utilized  the  full-scale  heat- treat-development  6061  aluminum 
sphere  discussed  in  Section  IIC  la  and,  additionally,  provided  a  checkout 
of  all  filament  winding  tooling.  Figure  18  shows  overwrapping  of  the 
"work  horse"  606l  aluminum  liner  assembly.  Results  of  the  study 
verified  the  geometric  scale-up  and  established  final  composite  processing 
details.  The  resultant  composite  fabrication  process  procedure  is 
included  as  Appendix  D. 
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FIGURE  18 


Overwrap  Filament- Winding  Development 
for  95,  3  cm  (37.  5  Inch)  Diameter  Sphere 


b.  Filament  Winding 

The  established  filament- winding  procedures, 

Appendix  D,  were  used  to  initially  overwrap  three  of  the  aluminum  liner 
assemblies  (Serial  Number  S-1,  S-2,  and  S-3)  to  form  pressure  vessels 

as  defined  by  Drawing  Number  1269382  (refer  to  Figure  9)-  The  actual  ^ 

winding  pattern  used  on  these  three  units  did  not  contain  steps  11  through 
14  as  defined  in  Appendix  D. 

Based  on  the  performance  test  result 

obtained  for  Vessel  S-3,  discussed  later  in  Section  IID2,  the  initial  winding 
pattern  was  modified.  Since  Vessels  S-1  and  S-2  had  already  been 
fabricated  according  to  the  initial  pattern  (including  cure  of  the  composite 
material),  a  supplemental  winding  operation  was  utilized  on  these  two 
units  to  comply  with  the  final  (four  additional  steps)  pattern  requirements. 

After  the  supplemental  winding  operation  and  subsequent  (second)  cure, 
the  visual  appearance  of  these  two  vessels  was  slightly  different  than  the 
first  vessel,  or  subsequent  vessels. 

The  final  three  liner  assemblies  (S-4,  S-5, 
and  S-6)  were  overwrapped  with  epoxy  impregnated  Kevlar-49  roving 
according  to  the  revised  pattern,  defined  in  Appendix  D,  and  oven  cured. 

Two  of  the  three  completed  vessels  are  shown  in  Figure  19. 

No  special  problems  were  encountered 
during  the  overwrap/ cure  processes  for  any  of  the  six  vessels  fabricated. 

Table  XIII  presents  a  summary  of  fabrication  data  obtained  for  each  of  the 
vessels. 

D.  TEST  PROGRAM 

Prior  to  performance  testing,  each  vessel  was  pressure¬ 
sized  (proof  tested)  to  screen  preexisting  flaws  in  the  metal  shell  and  also 
fix  the  required  prestresses  in  both  the  metal  and  filament- wound  composite 
shells.  Detailed  procedures  for  the  pressure  sizing  operation  are  < 

contained  in  Appendix  B. 

1  •  Instrumentation  and  Test  Plan 

Primary  instrumentation  consisted  of  pressure 
and  strain  sensors,  transducers,  and  recording  equipment  necessary 
to  (a)  verify  achievement  of  prescribed  shell  stresses  during  the  sizing 
cycle,  and  (b)  provide  pressure/ strain  data  documenting  performance  tests. 
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The  strain  gs-gG  selected  for  this  application  was 
Micro-Measurement’s  Gage  Number  EA-06-250TG-350.  This  gs-ge  is 
a  polyimide  backed,  general  purpose,  2-element  90  tee  rosette  with  a 
strain  range  of  +5%.  Four  rosettes  were  bonded  to  the  external  surface 
of  each  vessel  at  the  locations  defined  in  Figure  20. 

The  linear  displacement  transducers  selected  for 
measurement  of  the  vessel  circumferential  expansion  were  designed  and 
fabricated  by  SCI.  The  major  component  was  a  Duncan  Series  220 
Slideline  Control  with  a  single  linear  1  K  ohm  resistive  element. 

The  control  had  a  functional  mechanical  travel  of  2.54cm  (1.0  inch), 

infinite  resolution,  and  3%  tracking.  Three  "great  circle"  extenso- 
meters,  located  on  the  external  surface  of  the  vessel  in  the  orientations 
shown  in  Figure  20,  were  connected  to  the  linear  displacement  transducers 
to  provide  the  expansion  data. 

Detailed  test  procedures  were  established,  and 
approved  by  NASA,  prior  to  initiation  of  the  performance  test  program. 
These  procedures  are  contained  in  Appendix  E,  and  the  final  (revised) 
test  plan  is  shown  in  Figure  21. 

2.  Initial  Test  Result  Vessel  Serial  Number  S-3 

Kevlar/ aluminum  Vessel  S-3  was  fully  instrumented, 
according  to  the  procedures  of  Appendix  B,  in  preparation  for  sizing  and 
a  subsequent  hydraulic  burst  test.  Figure  22  shows  two  views  of  the 
vessel,  including  the  bonded  strain  gage  rosettes,  prior  to  the  sizing 
test.  During  the  sizing  test,  pressure/ strain  data  were  monitored 
at  345  N/cm^  (500  psi)  increments  up  to  a  sizing  pressure  of 
1586  N/cm^  (2300  psi). 

At  this  pressure,  extensometer  data  indicated  the 
desired  sizing  strain  had  been  reached  and  further  pressurization  to 
the  design  value  of  1862  N/cm^  (2700  psi)  might  induce  excessive 
stresses  in  the  metal  shell.  Figures  23  through  25  are  plots  of  the 
vessel  strain  data  required  during  the  sizing  test.  Figures  23  and  24 
show  longitudinal  and  hoop  strains,  respectively,  obtained  from  the 
biaxial  strain  gages  bonded  to  the  exterior  surface  of  the  vessel;  the 
hoop  leg  of  gage  SG-2  was  lost  during  pressurization.  Figure  25 
indicates  the  strains  in  three  planes  obtained  from  the  "great  circle" 
extensometers . 
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FIGURE  21:  Revised  Test  Plan  and  Vessel  Assignment 

For  Kevlar  Fiber  Reinforced  2219  Aluminum  Spheres 
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STRAIN  GAGE  LOCATION 


IGURE  25:  Strains  Obtained  From  Great-Circle  Extensometer s 
Durinc  Pressure  Sizing  of  Kevlar /Aluminum  Vessel 


Following  the  sizing  test,  Vessel  S-3  was  subjected 
to  a  hydraulic  burst  test  per  the  procedures  of  Appendix  E.  The  minimum 
expected  burst  pressure  for  this  series  of  vessels  was  2787  N/cm^ 

(4042  psi);  the  vessel  failed,  permaturely,  at  a  pressure  of  1793  N/cm^ 

(2600  psi).  The  failure  initiated  at  the  upper  aluminum  port  in  the  region 
where  the  mating  steel  end  closure  bolts  to  the  boss  body;  the  failure 
consisted  of  a  meridional  split  in  the  upper  hemisphere  traversing 
through  the  girth  weld  on  either  side  of  the  shell  and  terminating  in  the 
lower  hemisphere.  Figure  26  shows  the  vessel  after  hydroburst,  and 
Figure  27  shows  close-up  views  of  the  upper  (failure  location)  and  lower 
port  areas.  Strain  data  obtained  during  the  hydrotest  from  ’’great 
circle”  extensometer s  are  ploted  in  Figure  28. 

A  complete  structural  analysis  of  the  vessel  failure 
region  was  performed  by  both  NASA  and  SCI.  The  following  conclusions/ 
observations  resulted  from  the  analysis: 

•  Radial  restraint  of  the  aluminum  boss/ shell 
by  the  rigid,  bolted,  end  closure  induced  large 
radial  loads  on  the  bolts.  Effect  of  the  radial 
bolt  loads  was  a  high  bearing  stress  induced 

in  the  aluminum  boss -body  which  was 
sufficiently  large  to  cause  local  plastic  flow. 

Plastic  flow  reduced  the  effective  cross- 
section  (bolt  holes  alone  caused  stress 
concentrations  in  boss  body)  of  the  boss 
body  available  for  supporting  applied  hoop 
loads.  The  result  was  a  hoop  stress  that 
exceeded  the  strength  of  the  material  and 
caused  the  meridional  split  in  the  shell. 

#  The  large  axial  port  load  was  transferred 
through  the  bolted  closure  as  a  vertical  shear 
load  reacting  at  the  boss -body/ shell  juncture. 

The  resultant  couple  induced  high  meridional 
bending  stresses  at  the  discontinuity.  If 

relaxation  of  the  rigid  radial  restraint  at  the  ^ 

bolt  holes  had  not  occurred,  calculations 
indicate  a  bending  failure  would  have 
occurred  at  the  boss-body/ shell  juncture. 
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F igure  26 : 


Kevlar/ Aluminum  Vessel  S-3  After  Hydroburst 
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Figure  27:  Vessel  S-3  Port  Areas  After  Hydroburst 


o 

O 

o 

o 

o 

o 

o 

o 

m 

o 

LD 

o 

in 

o 

in 

lO 

ro 

o 

r- 

in 

CNJ 

i-H 

rH 

1-^ 

^uiD/^  ‘3HnSS3Hd 


73 


FIGURE  28:  Strains  Obtained  From  Great- Circle  Extensometers  During  Hydraulic 
Burst  of  Kevlar/ Aluminum  Vessel  S-3 


#  The  major  conclusion  resulting  from  the 
analysis  was  to  not  only  eliminate  the 
radial  bolt  load,  but  also  to  substantially 
reduce  the  induced  vertical  shear  load  at 
the  boss-body/ shell  juncture.  The  effect 
would  be  to  allow  natural  expansion/ rotation 
of  the  shell  in  the  area  of  the  port. 

3.  Redesign  Effort 

a.  Port  End-Closure 

Based  on  conclusions  from  the  preceding 
analysis  and  the  desire  to  redesign  the  end-closure  and  not  the  vessel 
itself  (liners  had  already  been  fabricated  and  machined),  several  design 
concepts  were  evaluated.  Three  of  the  concepts  are  shown  schematically 
in  Figure  29  and  discussed  below. 

The  Dished  Closure  of  Figure  29a  is  a 
standard  end-closure  concept  used  in  the  static  testing  of  large  opening 
rocket  motor  cases.  The  closure  is  designed  to  allow  natural  rotation  of 
the  port  and  a  corresponding  control  of  both  radial  and  axial  bolt  loads. 

In  order  to  function  properly,  the  vessel  boss  body,  as  well  as  the  dish 
itself,  must  be  designed  as  a  unit.  Since  redesign  of  vessel  porting  details 
and  refabrication  was  beyond  the  scope  of  the  current  program,  this 
concept  was  discarded.  The  concept  is  noted  for  possible  use  in  future 
efforts. 


Figure  29b  is  a  schematic  of  a  Piston 
Tie-Rod,  which  was  conceived  under  Contract  NAS  3-13318.  The  piston- 
rod  assembly  is  designed  to  carry  the  entire  port  load  and  acts  independent 
of  the  shell  itself.  Calculations,  based  on  utilization  of  this  concept, 
indicated  that  the  concept  would  allow  sizing  and  pressure  cycling  of  the 
vessel,  but  achievement  of  the  desired  burst  pressure  would  be  marginal. 
Counter  rotation  of  the  boss  body  (i.  e.  ,  further  reduction  of  the  induced 
discontinuity  moment)  was  required  to  sufficiently  reduce  stresses. 

The  end-closure  concept  finally  selected 
for  further  design  evaluation,  termed  Rigid  Tie-Rod,  is  shown  schematically 
in  Figure  29c.  The  concept  utilizes  the  piston  feature  of  the  Figure  29b 
design  and  also  includes  a  method  for  application  of  counter  rotation 
loads  to  the  boss  body.  The  gap  (sizing  gap)  between  the  boss  body  and 
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B.  PISTON  TIE-ROD 


C.  RIGID  TIE- ROD 


FIGURE  29:  Concluded 


piston  flange  can  be  varied  to  allow  loading  to  occur  at  any  point  during 
vessel  pressurization. 


A  brief  parametric  study  was  performed 
to  optimize  the  rigid  tie- rod  design.  Figure  30  is  a  schematic  of  the  model 
used  for  the  parametric  study;  the  model  was  originally  used  during  the 
*  conduct  of  the  failure  analysis  effort.  For  the  case  of  a  rigid  tie-rod, 

the  closure  is  not  bolted  (Fj^B  =  O)  and  the  axial  ’*flange’*  load  V-g 
is  directionally  reversed  during  pressurization  of  the  vessel.  The 
effect  of  the  resultant  compressive  load  Vg  on  the  tank  is  a  reversal 
j  of  the  induced  vertical  shear  load  and  a  correspondent  damping 

of  the  discontinuity  moments  Mq  and  Mg.  Flange  load  effects  on 
tank  vertical  shear  load  and  also  total  rod  load  ^tre  shown  in  the 

curves  of  Figure  31.  It  should  be  noted  that  the  curves  of  Figure  31 
represent  loading  per  unit  (tank)  pressure. 

Since  both  tank  and  rod-loading  are  a 
function  of  rod  cross-sectional  area  (actually  stiffness,  but  material  is 
assumed  to  be  steel),  rod  radius  was  used  as  the  independent  variable 
for  construction  of  the  design  curves  presented  as  Figure’s  32  and  33. 

Figure  32  shows  rod  weight,  stress,  and  strain  as  a  function  of  rod  radius. 
Also  included  in  the  figure  is  a  table  of  materials  (steels),  their 
corresponding  strengths,  and  allowable  stresses.  Possible  design  points 
are  included  in  the  figure.  It  should  be  noted  in  Figure  32  that  tank 
axial  strain  is  also  depicted  by  the  rod  strain  curve  since  axial  strain 
compatibility  was  maintained  in  the  study.  Figure  33  indicates  the 
effect  of  each  specific  rod  on  the  stress  distribution  in  the  metal  shell 
at  the  discontinuity  (refer  to  radius  rg  in  Figure  30). 

Inspection  of  the  shell  stresses  of  Figure  33, 
in  conjunction  with  rod  weight/ stress  values  shown  in  Figure  32,  lead  to 
the  selection  of  a  1.37  cm  (0.54  inch)  radius  200  grade  maraging 
steel  rod  heat  treated  to  1930  MN/m^  (280  ksi).  This  size  rod  was 
expected  to  reduce  the  bending  stresses  at  shell  discontinuities  sufficiently 
to  allow  sizing,  operation,  and  burst  testing  of  the  tank  without  over- 
^  stressing  the  rod  itself.  The  resultant  predicted  pressure  versus  axial 

strain  of  the  tank/rod  system  is  shown  in  Figure  34;  this  curve  is  referred 
to  in  later  discussions  of  the  test  program  conducted  on  these  vessels, 

^  b.  Wrap  Pattern  Modification 

One  additional  design  modification  which 
resulted  from  sizing  test  data  obtained  for  Vessel  S-3  concerns  the  Kevlar 
wrap  pattern.  Comparison  of  hoop  and  longitudinal  strain  data  obtained 
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FIGURE  30:  Model  of  Port  Region,  Kevlar  Reinforced  Aluminum  Sphere 


ROD  STRAIN 


ROD  RADIUS,  in. 


ROD  RADIUS,  cn-. 


FIGURE  32:  Tie  Rod  Design  Parameters, 
Kevlar / Aluminum  Vessel 
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ROD  STRESS,  ksi 


RADIUS,  inch 


pressure,  N/crr 


Tie-Rod  Parameters: 
Radius, 

Weight,  Wj^ 

Stress,  0^ 

Flange  Load,  Vg 


(0.  540  in.  )  1 .  372  cm 
(10.  3  lbs)  4.  67  kg 
(231  ksi)  -1590  MN/m'^ 
(-20  200  Ib/radian)  y 
-90  KN/ radian 


Metal  Shell 
In  Plastic  Range 


,  1165  N/cm 

_  f  (1689  psi) 

Elasto- Plastic 
Metal  Shell 
^  880  N/cm^ 

J  (  1276  psi) 

Metal  Shell 
In  Elastic  Range 


VESSEL  AXIAL  STRAIN,  % 


FIGURE  34-  Pressure/Strain  Relation  for 

Kc\  lar-Aluminum-Vessel  Tie-Rod  Assembly 


PRESSURE,  psi 


at  the  equator  during  pressure  sizing  of  the  vessel  (Figures  22  and  23) 
indicated  an  11%  deviation  from  the  average.  In  order  to  better 
approach  a  1:1  strain  (stress)  field  in  the  metal  shell  during  testing, 
additional  hoop  stiffness  was  required  in  the  equatorial  region.  (It 
should  be  noted  that  the  initial  wrap  pattern  for  this  series  of  vessels 
was  based  on  tests  of  vessels  with  non- structural  liners,  Section  IIC 
2a).  Analysis  of  the  existing  pattern  indicated  that  four  additional 
revolutions  at  near- equator ial  wrap  angles  (i.e.  2  revolutions  each  at 
2  different  angles)  should  produce  a  1:1  stiffness  ratio  at  the  equator 
without  disrupting  strain  ratios  at  other  regions  in  the  spherical  shells. 
Thus,  all  vessels  fabricated  subsequent  to  Vessel  S-3  contained  the 
four  additional  revolutions  as  defined  in  the  final  winding  pattern  of 
Appendix  D. 


4.  Final  Test  Results 


Performance  test  results  for  all  six  Kevlar/ 
aluminum  vessels  are  summarized  in  Table  XIV.  The  table  indicates 
sizing  data,  the  type  of  performance  test  conducted,  the  load  level 
used  for  fatigue  and  sustained  load  testing,  pressure  cycles  or 
sustained  load  period  achieved,  the  failure  pressure,  modes  of 
failure,  and  pertinent  remarks.  Pres  sure  /  strain  curves  depicting 
both  the  sizing  test  and  performance  tests  are  contained  in  Appendix  F 
for  the  last  five  Kevlar / aluminum  vessels  tested.  Comments  regarding 
individual  tests,  amplifying  the  data  recorded  in  Table  XIV,  are 
given  below: 


a.  Cyclic  Fatigue 

Cyclic  fatigue  tests  were  conducted  by 
increasing  the  vessel  internal  pressure  to  the  design  operating  level 
and  then  reducing  the  pressure  to  zero.  Per  the  test  plan.  Figure  21, 
two  vessels  were  subjected  to  the  Level  1  test  of  1600  pressure  cycles 
to  1396  N/cm^  (2024  psi),  and  one  vessel  was  subjected  to  the 
Level  2  test  of  1000  pressure  cycles  to  1620  N/cm^  (2350  psi). 

The  first  Kevlar / aluminum  vessel 
scheduled  for  cyclic  fatigue  testing,  Vessel  S-1,  was  successfully 
sized  at  the  required  pressure  of  1862  N/cm^  (2700  psi)  utilizing 
the  tie-rod  assembly  designed  for  this  series  of  vessels.  Strain 
gauge  readings  at  the  sizing  pressure  indicated  nominal  strains  of 
0.  9%  in  the  hoop  and  longitudinal  direction  at  the  equator  and  the 
45^  plane.  Residual  strain  at  zero  pressure  after  sizing  (permanent 
set)  was  approximately  0.  3%.  Figure  35  compares  measured  hoop 
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strains,  obtained  from  Appendix  F,  with  the  predicted  ’’design  strain 
envelope”  from  Appendix  B.  Due  to  the  stiffening  effect  of  the  tie-rod, 
the  nominal  polar  strain  was  approximately  0.  4%  at  1862  N/ cm 
(2700  psi).  Recorded  polar  strain  is  compared  to  the  predicted 
’’polar  strain  envelope”  in  Figure  36. 

Following  the  successful  sizing  operation, 
Level  1  pressure  cycling  was  initiated  for  Vessel  S-1  and  after  335 
cycles,  a  leak  was  observed  at  the  test-plate/boss  interface.  Cause 
of  the  leak  was  an  extruded  back-up  ring  which  was  replaced  and 
^  cycling  reinitiated.  No  other  problems  were  encountered  during  the 

additional  1265  cycles,  and  the  vessel  successfully  passed  the  prescribed 
test  without  failure  or  any  additional  leakage.  Figures  F-  1  through 
F-  3  of  Appendix  F  show  the  pressure/ strain  relations  obtained  for 
this  vessel  during  fatigue  testing. 

Kevlar /aluminum  Vessel  S-6  was  successfully 
sized  at  the  required  pressure  of  1862  N/cm^  •  (2700  psi)  and,  also, 
subjected  to  1600  pressure  cycles  to  the  Level  1  operating  pressure  of 
1396  N/cm^  (2024  psi).  No  problems  or  leaks  were  encountered  during 
the  conduct  of  this  test;  pres  sure  /  strain  relations  for  the  vessel  are 
shown  in  Figures  F-22  through  F-  24  of  Appendix  F.  Following  the 
Level  1  fatigue  tests,  both  vessels  S-1  and  S-6,  were  shipped  to 
NASA  LeRC  for  additional  performance  tests. 

In  order  to  obtain  cyclic  fatigue  data  at  higher 
operating  stress  levels,  the  prescribed  operating  pressure  for  Vessel 
S-5  was  increased  to  the  Level  2  value.  Following  the  sucessful  sizing 
of  this  unit  to  1862  N/cm^  (2700  psi),  the  vessel  was  subjected 
to  pressure  cycling  between  zero  and  1620  N/cm^  (2350  psi). 

At  pressure  cycle  number  124,  test  fluid  leakage  through  the  Kevlar 
composite  shell  was  observed.  The  leakage  was  in  the  region  of  the 
equator, rather  than  the  boss,  suggesting  failure  of  the  girth  weld. 

It  should  be  noted  that  this  vessel  had  the  0.  157  cm  (.  062  in)  weld 
mismatch  as  discussed  in  Section  IIC  Ic.  The  test  was  terminated  at 
^  this  point  and  the  vessel  shipped  to  NASA  LeRC  for  additional 

investigation  of  the  failure  location.  Pressure/ strain  relations  for 
the  vessel  are  plotted  in  Figures  F-16. through  F-21  of  Appendix  F. 

^  b.  Sustained  Pressurization 

Sustained  load  tests  were  conducted  by 
increasing  the  vessel  internal  pressure  to  the  design  operating  level 
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FIGURE  36-  Predicted  versus  Measured  Polar 

Strain  During  Pressure  Sizing  of  Kevlar/ 
Aluminum  Vessel  S/N  S-1 
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and  holding  this  level  for  the  prescribed  time  period.  The  single  vessel 
scheduled  for  sustained  pressurization,  Vessel  S-2,  was  successfully 
sized  at  1862  N/cm^  (2700  psi)  and  subjected  to  a  Level  1  sustained 
load  of  1396  N/cm^  (2024  psi)  for  a  period  of  172  hours.  No 
evidence  of  leakage  or  degradation  was  observed  during  the  entire 
period,  and  the  vessel  was  subsequently  shipped  to  NASA  LeRC  for 
further  testing.  Pressure/ strain  relations  for  the  vessel  are  shown 
in  Figures  F-  4  through  F -  9  of  Appendix  F. 

c.  Single  Cycle  Hydroburst 

The  last  vessel  in  this  series.  Vessel  S-4, 
was  successfully  sized  at  a  pressure  of  1862  N/cm^  (2700  psi)  and 
subjected  to  a  hydroburst  test.  At  a  pressure  of  2689  N/ cm  (3900  psi 
the  tie-rod  failed  in  tension  at  the  first  thread;  no  apparent  damage 
was  sustained  by  the  vessel.  Figure  37  shows  the  vessel  and  the  tie- 
rod/ test-plate  after  the  hydroburst  test.  Figures  F-10  through  F-  15 
of  Appendix  F  show  the  pressure/ strain  relations  obtained  for  this  vessel. 

5.  Evaluation  of  Test  Results 


a.  Sizing  Test  Data 

Measured  values  of  internal  volume  obtained 
for  the  Kevlar/aluminum  vessels,  after  the  sizing  operation,  were 
within  0.  3%  of  each  other  and  the  average  measured  value  of 
0.  4424  m^  (27  000  inch^)  deviated  from  the  design  value  of 
0.4441  m^  (27  100  inch^)  by  only  0.4%. 

At  the  sizing  pressure  of  1862  N/cm 
(2700  psi),  the  range  in  recorded  vessel  strain  obtained  from  (1)  biaxial 
strain  gages  was  0.  60  to  0,  90%,  and  from  (2)  extensometers  was 
0.  40  to  0.  60%;  the  design  strain  range  at  this  pressure  (Appendix  B) 
was  0.80  to  0.  95%.  At  zero  pressure  after  the  sizing  operation,  the 
recorded  strains  were  in  a  range  of  0.  15  to  0.  35%  compared  to  the 
design  value  of  0.  30%.  The  general  lower  range  of  strain  values 
obtained  from  the  extensometers  (refer  to  Appendix  F)  was  probably 
caused  by  the  three  ’’great  circle”  wires  binding  on  each  other  during 
vessel  pressurization.  Although  Teflon  channel-guides  were  utilized 
to  minimize  binding,  recorded  strains  indicated  this  frictional  effect 
was  not  eliminated. 
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Figure  37*  Kevlar / Aluminum  Vessel  Serial  S-4 
after  Hydroburst 
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It  was  concluded  that  the  good  comparison 
of  measured  data  (i.e.  strains  and  volumetric  expansions)  with  design 
values  verified  the  validity  of  the  analytic  method  used  to  predict  shell 
stresses. 


b.  Port  End-Closures 

Test  results  for  Kevlar/ aluminum  Vessel 
S-3  clearly  indicated  the  inadequacy  of  the  original  relatively  large 
diameter  bolted  test  closure  design  (the  large  diameter  was  required 
due  to  the  need  to  meet  2219~T6Z  heat  treating  requirements,  as 
previously  discussed).  The  revised  design,  incorporating  a  tie-rod 
to  carry  the  port  load,  provided  a  good  solution  for  completing 
performance  tests  on  the  existing  vessels  but  it  did  not  allow  burst 
testing  of  a  vessel.  The  premature  failure  of  the  tie-rod  (13%  below 
design)  was  probably  due  to  the  inherent  brittle  behavior  of  the  required 
ultra-high-strength  steel  coupled  with  the  load  history  prior  to  burst 
testing  (i.e.  cyclic  fatigue  of  three  units  at  two  levels  plus  sustained  load 
on  the  fourth  unit).  For  future  applications,  the  ability  to  initially  design 
the  tie -rod  and  porting  details  as  a  unit  might  allow  the  use  of  lower  strength 
(greater  ductility)  rod  materials  and  also  greater  design  margins  of 
safety.  However,  the  best  solution  is  more  detailed  and  complete 
design  analysis  on  the  metal  boss  and  bolted  closure  (acting  as  a  unit) 
than  was  employed  for  original  design  development  in  this  program. 

c.  Performance  Test  Data 

Since  all  vessels  subjected  to  cyclic  fatigue 
and  sustained  loading  were  not  burst  tested,  the  effect  of  these  load 
conditions  on  vessel  performance  is  not  known.  Strain  data  presented 
in  Appendix  F,  indicate  there  is  very  little  change  in  vessel  operating 
characteristics  with  either  time  or  pressure  cycling.  The  leak  type 
failure  of  Vessel  S-1  did  verify  the  inherent  safety  of  filament-reinforced 
metal  pressure  vessels,  and  the  known  fact  that  built-in  geometric 
discontinuities,  especially  in  the  weld  zone,  can  lead  to  premature 
failure  of  a  vessel. 


Neglecting  the  weight  of  the  tie-rod, 
the  operating  performance  factor  (p^  V/W)  for  both  vessels  subjected 
to  Level  1  tests  was  83.4  J/g  (335  000  in-lb/lbm);  the  Level  2 
operating  performance  factor  was  95,7  J/g  (384  000  in-ib/lbm). 
Kevlar /aluminum  Vessel  S-5  demonstrated  a  performance  factor  of 
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164  J/g  (658  000  in-lb/lbm)  at  the  rod  failure  pressure  of 
2689  N/cm^  (3900  psi),  and  the  potential  performance  factor  at 
the  predicted  burst  pressure  of  3137  N/cm^  (4550  psi)  was 
calculated  to  be  191  J/g  (768  000  in-lb/lbm). 


V 
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III. 


DESIGN,  FABRICATION,  AND  TEST  OF  KEVLAR- 49  OVER- 
WRAPPED  CRYOFORMED  301  STAINLESS  STEEL  PRESSURE 
VESSELS 


Section  IIA  discussed  the  evolution  of  design  criteria  which  lead 
to  the  selection  of  the  Kevlar-49  overwrapped  cryoformed  301  stainless 
steel  (Kevlar/ stainless  steel)  pressure  vessel  for  further  evaluation. 

Prime  basis  for  the  selection  was  the  excellent  weight  saving  potential 
offered  by  the  combination  of  Kevlar-49  fibers  and  cryoformed  301 
stainless  steel  (References  3  and  6)  .  For  clarity,  a  brief  explanation 
of  the  cryoforming  process  and  its  use  for  the  current  application  is 
given  below: 

The  cryogenic  stretch  forming  process  (cryoforming),  as  pictorally 
depicted  in  Figure  38,  consists  of  plastically  straining  a  closed  undersize 
metal  preform  at  liquid  nitrogen  temperature  in  order  to  achieve  a  high 
degree  of  work  hardening  (lattice  structure  change)  without  changing  the 
chemical  composition  of  the  material.  The  net  result  is  a  strong  metallic 
material  (yield  strength  increased  by  a  factor  of  approximately  seven) 
that  is  exceptionally  tough  and  is  compatible  with  severe  environments. 

The  strenthened  liner  is  then  overwrapped  with  resin  impregnated 
fibers,  cured,  put  back  into  the  liquid  nitrogen  bath  and  ’’sized’’  to  form 
the  required  pressure  vessel.  The  sizing  operation  further  strengthens 
the  metal  in  addition  to  establishing  the  desired  prestress  conditions 
(fibers  in  tension/ metal  in  compression). 

The  cryoforming  process  described  above  was  developed  by 
ARDE  Incorporated  and  is  currently  being  used  by  them  to  manufacture 
homogenous  metal  pressure  vessels  as  well  as  fiber  reinforced  metal 
vessels.  As  stated  in  Section  IIA,  the  tasks  of  designing  the  Kevlar/ 
stainless  steel  vessel  for  this  program  and  fabrication  of  the  required 
metal  liner  assemblies  were  delegated  to  ARDE. 

A.  DESIGN 

Initial  criteria,  which  formed  the  basis  for  preliminary 
design  of  the  Kevlar/ 301  pressure  vessel,  established  the  vessel 
bur st-to- operating  pressure  ratio  (safety  factor)  at  Z:1  and  the  vessel 
fatigue  cycle  life  at  1600  operating  pressure  cycles.  Both  of  these 
criteria  reflected  the  then  current  space  program  design  criteria. 
Additional  design  criteria  provided  to  ARDE  are  summarized  on  the 
following  page: 
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VERIFY  HEAT  (MELT)  PROPERTIE 
UTIUZE  PRODUCTION  PROCE 
10"  DIA  SPHERE 
CRYOGENIC  STRETCH  FORM  1 
ESTABLISH  RESULTANT  PROF 
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FINAL  DESIGN  DATA 
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CONTROL  CLAMPING  PRESSURE 
USE  SAME  PUNCH 
ACHIEVE  PIECE  PART  TO  PIECE 
PART  REPRODUCIBILITY 


TRIM  EQUATOR 
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INSPECT  SURFACE,  THICKNESS.  SIZE 


■  SINGLE  PA! 
NO  WELD  ’• 
FREE  STAT 
INSPECT,  : 


SINGLE  PASS  GIRTH  TIG  WELD 
FREE  STATE  WELD-  NO  WELD 
"BEEF-UP" 

SOLUTION  A  NNEA  L 
INSPECT.  X-RAY,  PENETRANT, 
REMOTE  OPTICS 


L  INER 
SPECIA 


FIGURE  38:  Pictorial  Manmfc 
301  Stainless  St€ 


e  VERIFY  HEAT  (MELT)  PHOPERTIE 

UTILIZE  PRODUCTION  PROCESS  AND  MANUFACTURING 
10“  DIA  SPHERE 

CRYOGENIC  STRETCH  FORM  VARIOUS  AMOUNTS 

PHERICAL  ALL  METAL  AND  COMPOSITE  VESSELS  FROM 
AME  HEAT  (  MELT  }  YIELD  SIMILIAR  RESULTS 


ND  SHEET  i  .001$  BOSg^ 

CUT  RECTANGULAR  BLOCKS  FROM 
SHEET  BAR 


PASS  anneal 
;OL  CLAMPING  PRESSURE 
ME  PUNCH 

VE  PIECE  PART  TO  PIECE 
REPRODUCIBILITY 


MACHINE  BOSS 
INSPECT,  ULTRASONIC 


EPOXY  RESIN 


KE-VLAR-  49 
ROVING 


□“ 
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ACCEPTANCE  TESTS 


ACCEPTANCE  TESTS 


NOL  RING  TESTS  (SHEAR) 
SMALL  BOTTLE  TESTS 


STRAND  TESTS 

NOL  RING  TESTS  (SHEAI 

SMALL  BOTTLE  TESTS 


SINGLE  PASS  BOSS/HEAD  TIC  WELD 
NO  WELD  ■>  BEEF-  UP" 
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"BEEF -UP" 

3LUTION  ANNEAL 

1SPECT,  X-RAY,  PENETRANT, 

EMOTE  OPTICS 


SIZING  STRAIN".  003 


JRE  38:  Pictorial  Maniafaeturing  Flow  Plan  Overwrapped  Cryoformed 
301  Stainless  Steel  Spheres 


Parameter 


Valve 


Shape  . 

Vessel  Weight . . . 

Vessel  Volume,  Nominal . 

Outside  Diameter . 

Metal  Shell  Thickness  . 

Kevlar/epoxy  Composite  Thickness . 

Operating  Pressure . 

Metal  Operating  Stress . 

Fiber  Operating  Stress . 

Burst  Performance  Factor . 


Sphere 

TBD  (minimum) 

0.  1 15  to  0.  123  m^ 
(7000  to  7500  in^) 

61.0  to  63.5  cm 
( 24.  0  to  25.  0  in.  ) 

0.  102  to  0.  127  cm 
(0.  040  to  .  050  in.  ) 

TBD 

TBD 

690  MNm^/  (100  ksi) 
986  MN/m^  (143  ksi) 
TBD 


Material  properties  used  for  the  design  are  presented 
in  Table  XV,  and  the  resultant  preliminary  design  analysis,  provided  by 
ARDE,  is  included  as  Appendix  G.  Engineering  drawings  of  the  welded 
301  stainless  steel  liner  assembly  (ARDE  Part  Number  D3895)  and  the 
Kevlar  FR  spherical  vessel  (ARDE  Part  Number  D3898)  are  shown  in 
Figures  39  and  40,  respectively. 

As  noted  in  Appendix  G,  the  design  analysis  defines  the 
operating  and  design  burst  pressure  of  the  vessel  as  1790  N/cm 
(2600  psi)  and  3580  N/cm^  (5200  psi),  respectively.  Subsequent  to 
preparation  of  the  analysis,  an  "in-house"  subscale  vessel  effort  was 
conducted  by  ARDE/SCI  to  verify  the  Appendix  G  design.  The  vessel 
utilized  for  the  study  was  a  20.  3  cm  (8.  0  inch)  diameter  scale  model 
of  the  full  scale  Kevlar/ 301  vessel.  Figure  41  shows  two  views  of  the 
subscale  vessel.  Based  on  the  test  results  obtained  during  this  effort, 
the  vessel  design  operating  and  burst  pressures  were  revised  to 
1610  N/cm^  (2330  psi)  and  3220  N/cm^  (4660  psi),  respectively. 


97 


MATERIAL  PROPERTIES  USED  FOR  KEVLAR/ STAINLESS  STEEL  VESSEL  DESIGN 
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FIGURE  41:  Subscale  Kevlar-49/ Cryoformed  301 

Stainless  Steel  Spherical  Pressure  Vessels 
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A  summary  of  final  vessel  design  parameters  for  the  Kevlar/  stainless 
steel  vessel  is  given  in  Table  XVI. 

Additional  design  requirements  imposed  on  ARDE  included 
the  establishment  of  (1)  a  vessel  port  design  which  would  allow  the 
structural  components  (metal  boss  and  composite  shell)  to  operate  as 
a  unit  during  vessel  pressurization,  and  (2)  a  method  to  predict  vessel 
strains  (plastically  induced  prestresses)  during  the  sizing  operation. 

ARDE  developed  a  unique  boss  design  to  satisfy  the 
porting  requirements  using  previously  computerized  plasticity  relations. 
The  computerized  analysis  technique  not  only  accounted  for  induced 
stresses  in  vessel  port  components  but  also  defined  shape  (geometry) 
changes  which  occur  during  vessel  pressurization.  The  resultant 
port  design  was  verified  initially  utilizing  the  20.  3  cm  (8.  0  inch) 
diameter  subscale  vessels  previously  discussed. 

The  method  for  strain  prediction  during  the  sizing 
operation  had  previously  been  developed  by  ARDE  since  the  technique 
is  inherent  in  their  established  cryosizing  procedures.  Briefly, 
vessel  volumes  are  measured  before  and  after  cryosizing,  and  the 
average  vessel  strain  €  is  calculated  from  the  volume  change  AV 
data  according  to  the  expression  3  C  =  AV/V. 

B.  FABRICATION 

1.  Stainless  Steel  Liner  Assemblies 


Six  cryoformed  301  stainless  steel  liner  assemblies 
were  fabricated  according  to  existing  ARDE  fabrication  process  speci¬ 
fications  and  inspection  procedures.  The  primary  operations  included 
(a)  hydroforming  hemispherical  shells  from  301  stainless  steel  sheet 
material,  (b)  fabrication  of  bosses  and  subsequent  welding  into  each 
hemisphere,  (c)  girth  welding  the  hemispherical  shells  together,  and 
(d)  cryoforming  each  of  the  six  resulting  liner  assemblies  to  a  pre¬ 
determined  internal  volume. 

The  as-rolled  301  stainless  steel  sheet  material, 
from  which  the  liner  assemblies  were  fabricated,  did  not  meet  ARDE^s 
specification  for  a  2B/2D  finish  and  was  unacceptable  for  standard 
flight  hardware.  Due  to  funding  and  time  limitations  and  the  desire  to 
use  the  same  heat  of  material  supplied  for  fracture  control  data 
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TABLE  XVI 


KEVLAR-49  FR  CRYOFORMED  301  STAINLESS  STEEL 
PRESSURE  VESSEL  DESIGN  PARAMETER  SUMMARY 


Parameter 

Value 

Shape 

Sphere 

3  3 

Volume,  m  (in  ) 

0.  1 16  (7075)  min. 

Outside  Diameter,  cm  (in) 

61.98  (24.40) 

Materials 

Metal  Shell 

Cryoformed  301 
Stainless  Steel 

Overwrap 

Kevlar -49/ epoxy 

Thicknesses,  cm  (in) 

Liner 

Filament- Wound  Composite 

0.  107  (0.  042) 

0.  544  (0.  214) 

Weight,  kg  (Ibm) 

19.4  (42.  7)  max. 

2 

Pressures,  N/cm  (psi) 

Operating 

Sizing  at  78  K  (-320  °F) 

Burst 

1607  (2330) 

2551  (3700) 

3213  (4660)  min. 

Burst  Factor  of  Safety 

2.  0 

2 

Operating  Stresses,  MN/m  (ksi) 

Liner 

Filaments 

69.  0  (100) 

986  (143) 

Operating  Stresses,  Including 

Scatter  Factor 

1600 

Performance  Factor,  pV/W,  J/ g  (in-lb/lbm) 
Operating 

Burst 

96.  2  (836  000) 
192.  3  (772  000) 

(NAS  3-14380),  a  decision  was  made  tohandpolish  the  liner  heads  after 
hydroforming.  The  result  was  an  abnormal  thickness  variation,  and  an 
improved  but  abnormal  surface  finish.  Subsequent  performance  test  results 
and  metallurgical  examinations  of  metal  from  hydroburst  vessels  (discussed 
in  later  sections  of  this  report)  indicated  the  material  abnormalities  had 
no  effect  on  vessel  performance. 

Table  XVII  contains  dimensional  inspection  data 
characterizing  the  initial  and  final  cryostretch  operations  for  all  six 
stainless  steel  liner  assemblies.  A  picture  of  two  of  the  completed 
liner  assemblies  is  shown  in  Figure  42;  the  winding  shaft  has  been 
installed  in  one  of  the  liners  in  preparation  for  filament- winding.  It  should 
be  noted  that  even  though  the  incoming  material  was  out  of  specification 
no  301  stainless  steel  liners  had  to  be  scrapped  during  the  entire 
manufacturing  process  (including  initial  hydroforming,  boss  and  girth 
welding,  and  two  cryoforming  operations). 

2.  Kevlar/ Stainless  Steel  Pressure  Vessels 


Pressure  vessel  fabrication  consisted  of  overwinding 
completed  301  stainless  steel  liner  assemblies  with  a  predetermined 
uniaxial  multi-angular  pattern  composed  of  epoxy  impregnated  four-end 
Kevlar-49  roving;  the  resulting  composite  material  was  then  oven  cured. 
Following  cure,  the  vessels  were  shipped  to  ARDE  for  a  final  cryosizing 
operation. 


The  established  filament- winding  procedures, 
-^PP^^dix  H,  were  used  to  overwrap  six  ARDE  liner  assemblies  (Serial 
Number  001  through  006)  to  form  pressure  vessels  defined  by  Drawing 
Number  D3898  (refer  to  Figure  40).  Figure  43  shows  a  liner  assembly 
at  two  stages  in  the  winding  process  and  Figure  44  shows  a  completed 
pressure  vessel.  Table  XVIII  presents  a  summary  of  the  fabrication 
data  obtained  for  the  six  vessels,  and  the  following  paragraphs  discuss 
problems  encountered  during  fabrication  efforts  and  the  resultant 
solutions. 

a.  Vessel  001 

Analysis  of  cryosizing  data  obtained  for  the 
first  Kevlar/ stainless  steel  vessel.  Serial  Number  001,  indicated  a 
measuring  system  accuracy  problem.  As  previously  discussed,  vessel 
strain  (and  prestresses)  during  cryosizing  was  based  on  AV  data. 

The  volumes  were  obtained  by  the  ’’weight  of  water”  method  which  requires 
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(a)  Liner  Assembly  Prior  to  Overwrap 


(b)Partially  Overwrapped  Liner  Assembly 

Figure  43;  Kevlar -49  Overwrapping  Cryoformed  301 
Stainless  Steel  Spheres 
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Figure  44:  Completed  Kevlar /Stainless  Steel  Pressure  Vessel 
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accurate  weight  measurements  for  precise  volume  calculations.  The 
scale  utilized  for  weight  measurements  of  Vessel  001  was  readable  to 
1/Zlb.  increments,  A  1/2  lb.  error  represents  20%  of  the  delta  volume 
and  is  unacceptable  (as  evidenced  by  relatively  low  burst  pressure 
obtained  for  this  unit).  Based  on  this  analysis,  a  scale  with  a  reading 
accuracy  of  0.  10-lb  was  utilized  during  cryosizing  of  subsequent  units. 

b.  Vessel  002 

The  measuring  system  accuracy  problem  with 
Vessel  001  was  verified  by  initially  cryosizing  Vessel  002  to  the  same 
sizing  pressure,  2606  N/cm^  (3780  psi),  as  Vessel  001  and  ascertaining 
that  strains  were  too  low.  Based  on  the  strain  data,  the  unit  was  subjected 
to  an  additional  cryostretch  at  a  sizing  pressure  of  3137  N/cm^  (4550  psi). 
Performance  test  results  for  the  vessel,  discussed  in  the  following 
section,  were  very  successful  and  verified  that  incremental  cryostretching 
can  be  accomplished  without  any  vessel  degradation;  flexibility  of  the 
cryostretch  process  was  demonstrated. 

The  successful  cryostretch  and  performance 
test  results  obtained  for  Vessel  002  established  an  allowable  cryostretch 
pressure  band  for  subsequent  units  at  3137  to  3275  N/cm^  (4550/4750  psi). 
This  range  is  accepted  by  others  as  standard  and  is  analogous  to 
heat-treat  s  t  r  e  n  g  t  h  ranges  established  for  other  alloys 
(e.  g.  ,  Titanium:  1103  to  1241  MN/m^  or  160  to  180  ksi). 

c.  Vessel  003 


Problems  associated  with  the  overwrap 
process  were  experienced  on  the  third  Kevlar/ stainle s s  steel  Vessel  003. 
Althought  the  total  amount  of  Kevlar  roving  applied  to  Vessel  003  was 
within  1.  5%  of  the  requirement  (compare  Kevlar  fiber  weights  in  Table 
XVIII),  a  local  thin  spot  (approximately  7%  less  than  the  requirement)  in 
the  winding  pattern  at  the  polar  boss  area  occurred.  The  deviation  in 
winding  pattern  was  caused  by  a  tooling  modification  which,  by  necessity, 
was  being  evaluated  concurrent  with  the  winding  operation. 

A  further  deviation  causejd  by  the  tooling 
modification  was  the  increase  in  elapsed  time  required  to  wrap  Vessel  003. 
The  unit  was  partially  wrapped  during  the  first  day,  allowed  to  sit  overnight, 
and  the  wrap  completed  during  the  second  day.  The  effect  of  this  extended 
wrap  period  was  a  *’resin  rich"  composite  which  resulted  in  a  slightly 
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overweight  vessel  (compare  resin  and  composite  weights  for  Vessel  003 
with  the  other  five  units  in  Table  XVIII). 

Although  no  problems  were  experienced 
during  the  cryosizing  of  Vessel  003,  an  intentional  deviation  in  established 
cryostretch  process  procedures  did  occur.  The  unit  was  subjected  to  a 
special  stretch  pressure  (see  Table  XVIII),  somewhat  lower  than 
normal  due  to  the  light  fiber  weight,  but  high  enough  to  induce  higher 
prestress  in  the  metal.  The  overstress  condition  was  desired  to  obtain 
information  on  the  sensitivity  of  this  specific  vessel  design  (diameter - 
to-thickness  ratio)  to  metal  wrinkling  (diamond  buckels)  during  cryosizing, 
subsequent  warming  to  ambient  temperature,  and  performance  testing. 

No  buckles  or  diamond  wrinkles  were  observed  during  visual  inspection 
of  the  internal  and  external  surface  after  cryosizing  prior  to  performance 
testing.  A  buckle  did  develop  in  this  unit  during  performance  testing, 
and  details  are  discussed  in  Section  III  CZ  of  this  report. 

d.  Vessels  004  through  006 

Kevlar/stainless  steel  Vessels  004,  005,  and 
006  were  fabricated  according  to  established  process  procedures  without 
deviation.  There  were  no  problems  associated  with  the  major  vessel  process 
operations  of  filament- winding,  cure  or  cryosizing.  Comparison  of  fiber  / 
resin  weight  data  and  composite  thickness  data  recorded  in  Table  XVIII 
indicates  the  excellent  control  achieved  during  the  filament- winding 
process.  Excellent  control  was  also  achieved  by  ARDE  during  the 
cryosizing  operation  as  is  apparent  from  the  relative  volume  change 
(AV/V  is  1%).  Resultant  metal/filament  prestresses  after  cryosizing 
^ased  on  AV/Vdata)  were  consistently  reproducible. 

C.  TEST  PROGRAM 

1.  Instrumentation  and  Test  Plan 


Prior  to  testing,  all  vessels  were  instrumented  with 
three  "great  circle"  extensometers  and  four  biaxial  strain  gages  according 
to  the  detailed  test  procedures  of  Appendix  E.  Figure  45  shows  a 
typical  test  setup  of  a  fully  instrumented  Kevlar/stainless  steel  vessel. 

Preliminary  performance  test  assignments  for  the 
six  Kevlar/ stainless  steel  vessels  are  shown  in  the  test  plan  of  Appendix 
E.  As  discussed  in  the  following  section  on  test  results,  this  plan  was 
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Figure 
Reinforced  301 


45:  Test  Setup,  Kevlar 
Stainless  Steel  Pressure  Vessel 
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modified  with  NASA  concurrence;  the  revised  test  plan  is  shown  in  Figure  46. 


2,  Performance  Test  Results 


Performance  test  results  for  all  six  Kevlar/ stainless 
steel  vessels  are  summarized  in  Table  XIX.  The  table  indicates  sizing 
data,  type  of  performance  test  given,  the  load  level  used  for  fatigue  and 
sustained  load  testing,  pressure  cycles  or  sustained  load  period  achieved, 
the  failure  pressure,  and  pertinent  remarks.  Pressure/ strain  data 
obtained  during  the  performance  tests  are  presented  as  plots  in  Appendix  I. 
The  following  paragraphs  briefly  describe  individual  test  results. 

a.  Vessel  001-  Hydraulic  Burst 

Kevlar/ stainless  steel  Vessel  001  was  subjected 
to  a  static  burst  test;  the  resultant  burst  pressure  was  3000  N/cm^ 

(4350  psi),  which  was  93%  of  the  design  burst  pressure.  A  photograph 
of  the  vessel  after  bursttesting  is  shown  in  Figure  47.  Inspection  of  the 
photo  indicates  the  basis  for  the  failure-mode  term  ’’flower  burst”. 

Pressure/ strain  plots  for  the  vessel  are  contained  in  Appendix  I. 

b.  Vessel  002  -  Cyclic  Fatigue 

Kevlar/ stainless  steel  Vessel  002  was 
subjected  to  a  cyclic  fatigue  test.  The  test  consisted  of  pressure  cycling 
the  vessel  1600  times  from  zero  to  1607  N/cm^  (2330  psi)  to  zero, 
followed  by  pressurization  to  burst.  The  vessel  successfully  passed  the 
pressure  cycling  test  and  subsequently  demonstrated  a  burst  pressure 
of  3310  N/cm^  (4800  psi).  The  resultant  safety  factor  was  2,  06,  and 
the  corresponding  performance  factor  (p^^  V/W)  was  208  J/g  (837  000 
in-lb/lbm).  The  failure  mode  was  a  ’’flower  burst”  similar  to  Vessel  001. 

Appendix  I  contains  the  pressure/ strain 
plots  for  both  the  fatigue  and  burst  test  conducted  on  this  vessel.  The 
data  is  plotted  in  ’’bar  form”  at  several  different  selected  cycles  to 
indicate  the  changes  in  operating  strain  range  as  cycling  progressed. 


c.  Vessel  003  -  Cyclic  Fatigue 

Kevlar/ stainless  steel  Vessel  003  was 
subjected  to  the  same  cyclic  fatigue  test  as  prescribed  for  Vessel  002, 
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'‘"Performance 

Demonstration 

Tests 


Level  Operating  Pressure 

Number  N/cm  ,  (psi) 


Number  of 
Fatigue  Cycles 


Period  at 

Sustained  Load,  Hrs, 


1  1607  (2330)  1600  96  (minimum) 

2  1862.(2700)  1000  96  (minimum) 


FIGURE  46:  Revised  Test  Plan  and  Vessel  Assignment  for  Kevlar 
Fiber  Reinforced  301  Stainless  Steel  Spheres 
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TEST  DATA  SUMMARY 


Figure  47:  Kevlar  Reinforced  301  Stainless  Steel  Vessel 

After  Static  Burst  Test 
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During  the  fatigue  test,  the  vessel  was  checked  for  leaks  at  690  N/cm^ 
(1000  psi)  every  100  cycles,  including  the  1000th  cycle,  with  no 
observable  leakage.  After  the  1000  cycle  leak  check,  cycling  continued 
for  45  more  cycles  at  which  time  a  slight  pressure  decay  was  indicated 
by  the  recording  equipment.  Cycling  was  discontinued  and  a  690  N/cm^ 
(1000  psi)  vessel  leak  check  performed;  results  of  the  check  indicated 
a  leak  type  failure  in  the  area  of  the  polar  fitting.  The  test  was 
terminated  at  this  point,  and  the  vessel  shipped  to  NASA  LeRC  for 
metallurgical  examination.  Figure  48  is  a  photograph  of  the  failed 
vessel  prior  to  the  examination. 

Photographic  coverage  of  the  metallurgical 
examination  conducted  by  NASA  LeRC  is  contained  in  Figures  4  9  through 
51.  Information  obtained  during  the  failure  analysis  is  summarized  in 
the  following  paragraphs. 

•  Leakage  failure  of  the  vessel  was  due 

to  a  localized  3.  8-cm  (1.5-inch) 
long  crack  in  the  metal  membrane 
(through  the  thickness  in  several  places) 
located  approximately  1.3-cm  (0.5- 

inches)  away  from  one  boss  weld  and 
oriented  parallel  to  the  weld  (see  Figure 
49  and  50). 

#  The  through  crack  was  oriented  along  the 
center  line  of  a  very  localized  inward 
buckle  in  the  metal  shell,  5.  1-cm  by 

10.  2-cm  (2-inch  by  4-inch  area).  There 
was  no  evidence  of  buckling  at  any  other 
location  on  the  vessel. 

#  A  significant  flat  spot  was  observed  on  the 
inside  surface  of  the  filament- wound 
composite  material  precisely  over  the  area 
of  the  metal  liner  buckle.  The  area  of 
composite  involved  was  approximately 

10.  2-cm  by  15.  2  cm  (4-inch  by  6 -inch). 

•  There  was  no  evidence  of  thinning  of  the 
metal  membrane  in  the  failure  area. 
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FIGURE  49:  Vessel  003  Metal  Shell  Failure  Site  External  Surface  View 
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FIGURE  51:  Cross  Sectional  View  of  Vessel  003  Metal  Shell  at  Failure  Site 


#  A  second  external  surface  crack  was 
observed  approximately  3,  8-cm 
(1.5-inch)  away  from  the  boss  weld, 
starting  approximately  at  the  edge  of 
the  buckles,  and  oriented  at  45^  to 
the  weld  (Figure  49). 

#  Branching  of  both  the  through-the- thickness 
crack  and  the  surface  crack  was  major 
(Figure  51). 

#  Ductile  cleavage  type  failure  was  observed 
in  two  areas  on  the  inner  edge  of  the 
through  crack  and  in  two  areas  on  the 
outer  edge  of  the  surface  crack  (Figure  51), 

A  review  of  the  fabrication  process  and 
inspection  records  for  Vessel  003  produced  the  following  additional 
information: 


•  No  buckles  in  the  metal  shell  were  observed 
during  visual  inspection  of  the  internal  and 
external  surface  at  various  steps  in 
fabrication  prior  to  testing. 

•  This  vessel  had  a  local  ’’thin  spot'*  in  the 
Kevlar/ epoxy  overwrap  material  (approxi¬ 
mately  7%  less  than  the  requirements)  at 
the  polar  boss  area  near  the  liner  buckle 
(refer  to  Section  IIIBZc). 

•  Higher  prestresses  (metal  compression, 
filament  tension)  were  intentionally 
induced  in  this  unit  during  cryosizing  as 
an  overstress  checkout  for  this  diameter- 
to-thickness  ratio  (Refer  to  Section  IIIBZc). 

Based  on  the  above  failure  analysis  and 
fabrication  information,  the  details  leading  to  failure  could  only  be 
speculated.  One  explanation  was:  At  some  point  during  the  overwrap 
operation  (prior  to  or  during  cure  of  the  vessel)  a  local  flat  area  developed 
(or  was  induced)  in  the  metal  shell.  This  flat  spot  was  not  visually  apparent 


during  in-process  inspections  of  the  overwrapped  vessel.  During  the 
metal  compression  part  of  the  fatigue  cycle  test,  the  flat  area  caused 
debonding  of  the  metal  from  the  composite  and  resultant  buckling. 

The  metal  snap-through  capability  was  probably  amplified  by  the  thin 
region  of  composite  material  and/or  higher  prestresses  existing  in  this 
unit.  Subsequent  fatigue  cycling  caused  local  bending  of  the  buckled 
section,  a  high  stress  concentration,  crack  initiation,  and  failure. 

Since  the  final  three  vessels  had  already 
been  fabricated  (with  excellent  process  control),  the  only  applicable 
recommendation  resulting  from  the  above  analysis  was  to  perform  an 
additional  examination  of  the  interior  of  vessels  for  flat  spots,  buckles, 
and  flaws. 


d.  Vessel  004  -  Cyclic  Fatigue  and  Sustained 

Loading 

Kevlar/ stainless  steel  Vessel  004  was 
subjected  to  the  recommended  additional  interior  examination  -  no  defects 
were  found.  The  vessel  was  instrumented  and  subsequently  pressure 
cycled  1600  times  from  zero  to  1607  N/cm^  (2300  psi)  to  zero. 
Following  the  fatigue  test,  the  vessel  was  subjected  to  sustained  pressuri¬ 
zation  for  150  hours  at  1607  N/cm^  (2330  psi).  The  vessel  successfully 
passed  both  these  tests  without  leakage  or  failure  and  was  subsequently 
pressurized  to  a  burst  pressure  of  3137  N/cm^  (4550  psi).  The 
resultant  performance  factor  (p^^  V/W^.)  for  this  vessel  was  calculated 
to  be  203  J/g  (814  000  in-lb/lbm)  with  corresponding  factor  of  safety, 
based  operating  pressure,  of  1.95.  Failure  mode  of  this  vessel  was 
a  "flower  burst"  similar  to  Vessels  001  and  002.  Pressure/ strain  plots 
depicting  both  the  fatigue  and  sustained  load  tests  are  contained  in 
Appendix  I. 


e.  Vessel  005  -  Off  Limit  Cyclic  Fatigue 

The  criteria  for  performance  testing  of 
Kevlar/stainless  steel  Vessel  005  were  reevaluated  and  revised  at  this 
point  in  the  test  program.  The  options  which  were  considered  during  the 
evaluation  were  (1)  to  continue  the  test  program  as  planned,  which  would 
have  included  pressure  cycling  at  1607  N/cm^  (2330  psi)  or  half  of 
design  burst  pressure  as  was  the  case  for  Vessels  002,  003,  and  004, 
or  (2)  to  perform  an  off-limit  test  with  the  current  vessel  design  in  order 
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to  obtain  more  cyclic  fatigue  data  at  higher  metal  stress  levels  to  develop 
stress  versus,  cycles  to  failure  trends. 

Option  (1),  the  original  contract  requirement, 
would  have  provided  addditional  vessel  data  at  the  same  test  conditions 
as  before,  and  if  successful,  would  have  emphasized  the  repeatability  of 
the  Kevlar/ stainless  steel  vessel  design  and  fabrication.  On  the  other 
hand,  the  baseline  for  the  current  space  vehicle  composite  vessels  had 
changed  to  a  5  factor  of  safety;  the  test  results  to  date  did  not  give 
full  scale  Kevlar/ stainless  steel  vessel  pressure  cycling  data  at  this 
revised  design  condition.  Option  (2),  the  use  of  a  higher  operating 

pressure  for  cyclic  fatigue  testing,  would  provide  this  data. 

The  problem  with  Option  (2)  was  that  the 
unreinforced  metal  bosses  were  designed  for  1600  cycles  of  fatigue  at 
1607  N/cm^  (2330  psi).  Increasing  the  tank  operating  pressure 
significantly  increases  maximum  stress  in  the  metal  bosses.  After 
preliminary  design  type  analyses  (without  computer  program  aid  as  was 
used  in  developing  the  original  design)  SCI/ARDE  concluded  that  increasing 
the  operating  pressure  to  1862  N/cm^  (2700  psi)  for  a  1000  cycle 
test  might  not  push  the  design  too  far.  However,  since  there  is  a  large 
scatter  in  fatigue  tests,  a  degree  of  risk  existed  in  attempting  to  obtain 
this  performance  increase  with  a  metal  boss  design  intended  for  a  lower 
operating  stress. 


Option  (2)  was  recommended  by  SCI/ARDE, 
and  NASA  concurred  with  the  recommendation.  Following  the  decision, 
Vessel  005  was  pressure  cycled  1000  times  from  zero  to  1862  N/cm^ 
(2700  psi)  to  zero.  The  vessel  successfully  passed  the  cyclic  fatigue 
test  without  leakage  or  failure  and  was  subsequently  pressurized  to  a 
burst  pressure  of  3206  N/cm^  (4650  psi).  The  resultant  performance 
factor  (p^  V/W)  for  this  vessel  was  calculated  to  be  210  J/g  (843  000 
in«lb/lbm)  with  a  corresponding  1,72  factor  of  safety  based  on  the 
1862  N/cm^  (2700  psi)  operating  pressure.  Failure  mode  for  the  vessel 
was  of  the  *'flower  burst”  type.  Pressure/ strain  plots  for  the  fatigue 
and  burst  tests  are  contained  in  Appendix  I. 

f.  Vessel  006  -  Off  Limit  Sustained  Loading 

The  final  Kevlar/ stainless  steel  Vessel  006, 
was  placed  under  sustained  pressurization  at  the  same  ”off  limit”  operating 
pressure  utilized  for  the  fatigue  testing  of  Vessel  005.  Pressurization  of 
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the  vessel  was  maintained  for  Z230  hours  (93  days)  without  any  evidence 
of  leakage  or  failure.  During  the  test,  day  and  night  temperature 
variations  induced  a  pressure  variation  of  +  70  N/cm^  (+  100  psi). 

This  fluctuation  was  controlled  but  since  full-time  observation  was 
impractical,  the  pressure  actually  reached  Z070  N/cm^  (3000  psi) 
on  several  occasions  during  the  test.  Upon  completion  of  the  test 
^  at  SCI,  the  vessel  was  shipped  to  NASA  LeRC.  Subsequent  testing  by 

NASA  included  1000  cycles  from  0  to  1862  N/cm^  (2700  psi)  followed 
by  800  cycles  from  0  to  1607  N/cm^  (2330  psi);  the  failure  mode  was 
leakage  through  the  wall. 

3.  Evaluation  of  Test  Results 

The  validity  of  computerized  plasticity  relations 
used  to  analyze  the  port  area  and  the  resultant  boss  design  itself  were 
both  verified  during  the  test  program.  The  bosses  were  not  failure  sites 
even  at  the  "off -limit"  cyclic  fatigue  operating  pressure  of  1862  N/cm^ 
(2700  psi). 

Neither  cyclic  fatigue  nor  sustained  loading  had 
an  effect  on  the  hydraulic  burst  pressure  of  the  vessels.  In  fact,  the 
highest  value  of  burst  pressure,  3310  N/cm^  (4800  psi),  was 
obtained  from  a  unit  (Vessel  002)  which  had  initially  been  subjected  to 
1600  operating  pressure  cycles  prior  to  hydroburst.  Althought  the  exact 
series  of  events  which  lead  to  the  failure  of  Vessel  003  during  fatigue 
cycling  could  not  be  pinpointed,  the  vessel  still  sustained  1045  operating 
pressure  cycles  before  failure  occurred;  further,  the  failure  mode  was 
leakage  through  the  wall  and  not  catastrophic  failure. 

Vessel  005  demonstrated  a  performance  factor 
of  210  J/g  (843  000  in-lb/lbm)  at  the  burst  pressure  of  3206  N/cm^ 
(4650  psi).  This  remarkably  high  factor  was  achieved  after  the  vessel 
had  been  subjected  to  1000  fatigue  cycles  at  an  off-limit  operating  pressure 
of  1862  N/cm^  (2700  psi).  The  average  operating  performance  factor 
at  the  design  operating  pressure  of  1607  N/cm^  (2330  psi)  was  101  J/g 
>  (407  000  in-lb/lbm);  the  average  performance  factor  at  the  off-limit 

operating  pressure  of  1862  N/cm^  (2700  psi)  was  122  J/g  (489  000 
in-lb/lbm).  The  variation  of  operating  performance  factors  was  within 
^  2%. 
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IV. 


CONCLUDING  REMARKS 


.  The  principle  program  objective  --to  verify  the  advantages  of 
overwrapped  metal  pressure  vessels  for  future  flight  vehicles,  as  well  as 
demonstrate  the  technology  readiness  and  suitability  of  the  vessels  for 
the  application  --  was  accomplished.  Both  the  61  cm  (24-inch)  diameter 
Kevlar-49/cryoformed  301  stainless  steel  sphere  and  the  97  cm  (38-inch) 
diameter  Kevlar-49/ 2219  aluminum  sphere,  which  were  developed  and 
tested  under  this  program,  were  of  lighter  weight  than  competing  monolithic 
metal  vessels  and  incorporated  controlled  failure  mode  features. 

A.  KEVLAR/ 301  STAINLESS  STEEL  PRESSURE  VESSELS 

The  reliability  of  existing  design  techniques  and 
repeatability  of  fabrication  processes  utilized  for  the  Kevlar / stainless  steel 
vessel  was  demonstrated  as  summarized  below: 

•  A  unique  boss  design,  previously  developed  by 
ARDE,  performed  as  designed  during  all 
performance  testing  conducted.  The  bosses 
were  not  failure  sites  even  at  the  off-limit 
operating  pressure  of  1862  N/cm^  (2700  psi). 

•  The  validity  of  existing  computerized  plasticity 
relations  used  for  design  of  the  vessel  (  and 
ports)  was  verified  during  both  the  cryosizing 
operation  and  the  performance  test  effort. 

•  Excellent  repeatability  of  major  manufacturing 
processes  was  demonstrated.  The  variation  in 
Kevlar/epoxy  composite  thickness  was  within 
j;^2.7%;  variation  in  total  vessel  weight  was 
J^l.  2%  (non-representative  Vessel  003  has 
been  excluded). 

•  Excellent  control  during  the  cryosizing  operation 
was  also  achieved  as  evidenced  by  relative 
volume  change  AV/V  values  obtained;  the  range 
in  AV/V  was  from  0.96  to  1.0%,  excluding  non¬ 
representative  Vessels  001  and  003. 

The  weight  advantage  of  Kevlar/  stainless  steel  construction 
and  the  reliability  of  pressure  vessels  during  operation  was  demonstrated 
as  summarized  below: 
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0  Maximum  performance  at  burst  Pj^V/W  achieved 
during  the  test  program  was  210  J/g  (843  000 
in-lb/lbm).  This  represents  a  35%  weight  savings 
over  the  lightest  weight,  6A1-4V  Ti  (STA),  homogeneous 
metal  pressure  vessel. 

#  Technology  readiness  and  suitability  of  full-scale 
hardware  for  flight  vehicle  application  was 
demonstrated.  Vessels  achieved  a  burst-to-operating 
safety  factor  of  1.72  after  1000  fatigue  cycles  at 

an  operating  performance  factor  P^V/W  of  222  J/g 
(489  000  in-lb/lbm). 

#  Anticipated  non-fragmentation  and  controlled  failure 
mode  features  of  composite  vessels  were  demonstrated. 
When  failure  occurred  during  fatigue  cycling  (Vessel  003), 
the  mode  was  localized  leakage  and  not  catastrophic. 

B.  KEVLAR/ALUMINUM  PRESSURE  VESSELS 

The  ability  to  design  and  fabricate  large  filament  over¬ 
wrapped  vessels  with  load  bearing  liners  was  verified  by  the  manufacture 
of  the  97  cm  (38-inch)  diameter  Kevlar /aluminum  spheres.  Information 
obtained  during  the  design/fabrication  phases  of  vessel  development  is 
summarized  below: 

#  The  use  of  bolted  end-closure  design  for  the  large 
ported  vessels  was  inadequate.  The  revised  design, 
incorporating  a  tie-rod  to  carry  the  port  load, 
provided  a  good  solution  for  completing  performance 
tests  on  existing  vessels. 

#  The  thickness  tolerance  obtained  for  aluminum  half 
shells  was  excellent;  many  exceeded  the  established 
acceptance  criteria  and  met  the  thickness  tolerance 
’’design  objective” defined  in  SCI  Drawing  1269381. 

#  Port  areas  of  future  liner  assemblies  with  integral 
bosses  should  be  initially  machined  "rough”  and 
final  machined  after  heat  treatement . 


#  Quenching  of  large  volume  aluminum  liner  assemblies 
can  be  accomplished  in  the  required  15  second  time 
period  without  distortion  of  the  part. 

Information  obtained  during  testing  of  the  Kevlar /aluminum 
vessels  is  summaried  below: 

#  The  good  comparison  of  measured  strains  and 
volumetric  expansions  with  design  values  verified  the 
validity  of  the  analytic  method  used  to  predict  shell 
stresses.  Measured  values  of  internal  volume  after 
the  sizing  operation  were  within  0.  3%  of  each  other. 

A  typical  recorded  strain  range  for  a  vessel  after 
sizing  was  0.  15  to  0.  35%  compared  to  the  design 
value  of  0.  30%. 

#  The  leak  type  failure  of  Vessel  S-5  during  fatigue 
cycling  verified  the  anticipated  safety  (controlled 
failure  mode  and  leak-before-burst)  of  filament - 
reinforced  metal  pressure  vessels, 

#  Maximum  performance  for  the  97  cm  (38-inch) 
diameter  Kevlar /aluminum  pressure  vessel  at 
failure  (p^^V/W)  was  164  J/g  (658  000  in-lb/lbm). 
Failure  was  of  the  tie-rod  and  not  the  vessel  itself. 

The  potential  performance  factor  for  this  vessel 
(Serial  Number  S-4)  at  the  predicted  burst  pressure 
of  3137  N/cm^  (4550  psi)  was  calculated  to 

be  191  J/g  (768  000  in-lb/lbm). 
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DESIGN  ANALYSIS 
PRD-  FIBER  REINFORCED 
ALUMINUM  SPHERE 

This  report  covers  the  design  and  analysis  of  a  37 .  5- inch-diameter  spheri¬ 
cal  PRD  Fiber  Reinforced  (PRD  FR)  aluminum  pressure  vessel  to  be  used  in  a 
test  program  which  will  demonstrate  the  sutitability  of  this  type  of  vessel  for 
future  flight  vehicles. 

1.  DESIGN  CRITERIA 

The  PRD  FR  aluminum  pressure  vessel  design,  shown  in  the  reference 
drawings,  was  prepared  according  to  the  following  criteria: 

Spherical 

37.0-inch  inside  diameter 
2219  T-62  aluminum 

Continuous  four-end  PRD-49-III  Roving 

Epoxy  (to  be  determined) 

Axisymmetr ic ,  Multiangular ,  in-plane 
pattern 

Five-inch  ID,  two  places  axially  opposed 
Ambient 
1820  psi 
2.  0 

400  operating  cycles  from  0  to  1820  psi 
to  meet  service  life  requirements  (1600 
operating  cycles  for  qualification) 

Pressure  Vessel-SCI  Drawing  1269382 
Liner  Assembly-SCI  Drawing  1269381 
’’B”  change 

-Kevlar-49  roving  was  formerly  designated  as  PRD-49-III  Roving. 


Shape: 

Size: 

Metal  Shell: 

Fiber  Reinforcement: 
Resin  Matrix: 

Winding  Pattern: 

Ports: 

Operating  Temperature: 
Operating  Pressure: 
Burst  Factor  of  Safety: 
Operating  Cyclic  Life: 

Reference  Drawings: 
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IL  MATERIAL  PROPERTIES 


This  section  covers  the  mechanical  properties  required  for  (1)  design  of  the 
pressure  vessel,  and  (2)  structural  analysis  of  the  resulting  design. 

A.  DESIGN  VALUES 

Table  AI  presents  a  summary  of  the  mechanical  properties  used  for  the 
design  of  the  PRD  FR  aluminum  sphere  in  terms  of  ambient  values  and  their 
derivatives  with  respect  to  temperature.  Since  the  design  equations,  described 
in  Section  III,  require  a  bi-linear  form  for  the  metal  shell  stress/ strain  relation, 
the  tabulated  values  for  yield  strength  and  ’’plastic’'  modulus  of  the  aluminum  are 
different  from  the  conventional  values;  the  method  outlined  in  Reference  Al  was 
used  to  obtain  these  values.  The  remainder  of  the  mechanical  properties  listed 
in  Table  AI  were  obtained  from  Reference  A2  (recent  verification  of  the  values  is 
reported  in  Reference  A3). 

The  value  for  maximum  allowable  compressive  stress  in  the  metal 
shell  listed  in  Table  AI  is  equivalent  to  the  tensile  proportional  limit  of  the 
material  at  the  stated  temperature.  This  value  was  selected  to  minimize  any 
hysteresis  effects  in  the  metal  shell  during  pressure  cycling. 

B.  ALLOWABLE  STRENGTHS 

Table  All  presents  a  summary  of  allowable  tensile  strengths  selected 
for  use  in  the  structural  analysis.  Strength  levels  at  cryogenic  and  elevated 
temperature  are  included  for  reference  only. 

1 .  2219  T-62  Aluminum 

The  minimum  values  for  both  ultimate  and  yield  strength  of 
parent  2219  T-62  aluminum  were  obtained  from  MIL-HDBK  5A  Reference  A4). 


The  2219  T-62  aluminum  weld  metal  ultimates  were  based  on  typical  weld  joint 
efficiencies  developed  in  References  A2  and  A3  applied  to  the  MIL-HDBK  5A 
minimums.  Reference  A3  indicates  no  reduction  in  yield  strength  is  expected  for 
2219  T-62  aluminum  weldments,  thus  tabulated  values  for  yield  strength  apply 
to  both  parent  and  weld  metal. 

2,  PRD  49  Filaments 

Aerojet/SCI  has  developed  a  systematic  approach  to  the  design 
of  filament- wound  vessels  (Reference  A5)  and  is  using  it  in  a  number  of  applications. 
The  method  involves  the  use  of  pres  sure -ve  s  sel  design  factors,  corresponding  to  a 
range  of  dimensional  parameters,  to  determine  the  allowable  strength  for  each 
configuration.  The  factors  are  based  on  data  collected  over  the  past  10  years 
from  tests  on  several  thousand  of  pressure  vessels;  these  vessels  ranged  in 
diameter  from  4  to  74  inches  and  had  significant  variations  in  their  design  para¬ 
meters,  Included  as  factors  used  for  the  selection  of  design-allowable  values 
are  the  strength  of  the  roving,  resin  content,  envelope  dimensions  (length  and 
diameter),  internal  pressure  level,  axial  port  diameters,  temperature,  sustained 
loading  requirements,  and  cyclic  loading  requirements.  The  method  was  used 
in  this  analysis  to  establish  realistic  values  for  the  allowable  ultimate  tensile 
strength  of  PRD-49-III  filaments  for  the  37.  5- inch  diameter  PRD  FR  aluminum 
sphere. 

The  allowable  filament  strength  is  given  by  the  relation 

Ftu,f  =  K1K2K3K4K5  (sec^  O’  )  Ff  (Al) 

Where  the  design  factors  (Kj^),  from  Reference  A5,  are  based  on  the  specific 
vessel  parameters: 


Parameter 


Design  Factor 


=  37.  5  inches 

Ki  = 

0.  77 

Db/D^,  =  0.  167 

Kz  = 

1.  01 

No  cylinder 

K3  = 

1. 00 

0025 

II 

0.  92 

T  =  75°F 

^^5  - 

1. 00 

For  Type  III  PRD-49  filaments,  the  minimum  ultimate  tensile  strength, 

F^,  is  400  ksi,  and  because  the  sphere  utilizes  a  multiangular  wrap  pattern 
the  sec^Q!  term  approaches  one.  Thus,  the  single-pressure-cycle  minimum 

allowable  filament  strength  is 

Ftu,f  =  (1.01)  (1.00)  (0.92)  (1.  00)  400  ksi 

=  286  ksi 

This  vaue  converts  to  a  PRD/epoxy  composi  t  e  wall  strength  of 

^tu,  c  ~  5  Pvf  ^tu,  f 

-  0.  5  (.  65)  (286) 

^tu,C“  93.0  ksi 

It  should  be  noted  that  the  design  factors  used  in  the  above  method  were 
developed  for  S-Glass  filament-wound  pressure  vessels.  Since  a  large 
quantity  of  dimensionally  different  PRD  filament-wound  vessels  have  not  been 
fabricated  by  industry,  including  SCI,  the  validity  of  the  factors  for  PRD  FR 
vessels  has  not  been  substantiated.  Other  evaluations  of  PRD  composites 

which  have  been  done  at  SCI  indicate  the  factors  are  conservative  and  will 
not  compromise  this  current  vessel  design. 

The  degree  of  conservatism  can  be  seen  by  comparing  recent  test 
results  for  SCI  PRD/epoxy  filament-wound  spheres  which  have  produced  an 
average  ultimate  filament  stress  of  about  330  ksi,  or  107  ksi  composite  wall 
strength. 


III.  VESSEL  DESIGN 


A .  DESIGN  METHODS 

Stresses,  pressures,  and  dimensional  parameters  not  fixed  by  the 
design  criteria  (Section  I)  or  material  allowables  (Section  II)  were  established 
from  previously  developed  compatibility  and  equilibrium  equations  reported  in 
Reference  A2,  Since  the  sphere  maintains  a  1:1  bi-axial  stress  state  for  all 
combinations  of  pressure  and  temperature,  the  equations  of  Reference  A2  were 
simplified  as  described  in  the  following  paragraphs. 

Stress  and  strain  equations  for  the  PRD/ epoxy  shell  were  based  on 
netting  theory  which  assumes  constant  stress  along  the  filament  path  and 
negligible  structural  contribution  from  the  resin  matrix.  The  resultant  equation 
for  the  change  in  filament  strain  from  a  condition  ’’old”  (o)  to  a  condition  "new”  (N) 
is 

-  (T4  /Ef ),  +  K4  (t^  ,, 

As  in  Reference  A2, a  bi-linfcar  form  for  the  metal  shell  stress  / strain 


relation  was  used  for  analysis  of  the  aphere.  The  resultant  general  (elastic/ 
plastic)  strain  equation  for  the  metal  shell  is 


equal  to  zero.  Poissoxi*s  ratio  in  the  plastic  range, was  assumed  to  be  1/2, 
and  values  for  the  other  material  properties  are  recorded  in  Table  AI  and  AIL 
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Strain  compatibility  between  the  metal  shells  was  maintained  in  the 


analysis  by  the  requirement  that 


^  (A4) 

for  all  combinations  of  temperature  (T)  and  pressure  (p).  Further,  load  equilibrium 

was  maintained  by  the  membrane  stress  relation 


CTL't.L  ~  ^  ^  I A‘ 


The  parameter  te  is  the  equivalent  thickness  of  PRD  in  the  vessel  and  is  defined 


by  the  relation 


B.  PARAMETRIC  STUDY 

In  order  to  establish  a  weight-optimized  design  for  the  PRD  FR  aluminum 
sphere,  a  parametric  study  was  performed  according  to  the  following  procedure: 

1.  Fix  all  parameters  defined  by  the  design  criteria  (Section  I)  and 
the  material  properties  (Section  II). 

2.  Select  a  value  for  filament  operating  stress  (CTof)?  subject  to  the 


criteria 


stress  ratio 


i  140  ksi 

3.  Select  several  values  for  the  metal  shell  operating  to  sizing 

=  initial  sizing  stress  in  metal 
0*0  ”  operating  stress  in  metal 
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4. 


Solve  equations  (2)  through  (6)  for  the  unknown  design 


paranaeters,  and  then  calculate  vessel  weight  and  burst  factor  of  safety,  for  each 
value  of  Kg^j. 

5.  Repeat  Steps  2  through  4  to  establish  vessel  weight  trends. 
Figure  A1  presents  the  results  of  this  study  for  a  burst  factor  of  safety  range 
between  1.4  and  2.0.  Stress  curves  have  been  included  in  the  design  range 
to  provide  a  method  for  evaluating  specific  design  points.  Also  included  as 
Figures  A2  and  A3  are  curves  relating  aluminum  thickness,  sizing  stress,  and 
operating  stress  for  use  in  establishing  vessel  cycle  life. 
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ADDITIONAL  DATA  NEEDED  FOR  ESTABLISHING  VESSEL 
CYCLE  LIFE  GUARANTEED  BY  PROOF  TEST 


To  establish  the  cycle  life  guaranteed  by  proof  test  of  specific  vessel 
designs,  values  of  aluminum  thicknesses,  sizing  stresses,  and  operating  stresses 
must  be  established.  Figures  A2  and  A3  present  the  range  of  these  parameters  which 
correspond  to  the  previously  defined  weight  and  factor  of  safety  range.  The  method 
used  to  establish  values  for  the  necessary  parameters  for  a  specific  design  was  as 
follows: 

•  Aluminum  thickness  was  fixed  at  0.  1 54-in-minimun,  based  on 
preliminary  design  analysis  and  metal  liner  manufacturing  plans 
for  this  program 

•  Based  on  results  obtained  on  contract  NAS  3-14380  (Development 
of  a  Fracture  Control  Method  for  Composite  Tanks  with  Load 
Sharing  Liners)  and  preliminary  fracture  control  design  calcu¬ 
lations,  Ksd  was  chosen  as  approximately  0.  55. 

•  Using  a  safety  factor"^/^  of  2,  diameter  (D)  of  37.5-in,  oper¬ 
ating  pressure  ifo)  of  1820  psi,  and  liner  thickness  (t  )  of  0.  154-in, 

L 

filament  operating  stress  (^of)  was  determined  from 
Figure  A2. 

•  From  Figure  A 1  ^qV/W  was  determined. 

•  Aluminum  sizing  stress  (CTst)  was  determined  from  Figure  A  3  based 

Jlj 

on  Ksd  and  ^  of* 

•  Aluminum  operating  stress  (C^q  was  calculated  from  the  expression 

at o  jj-  Ksd  <t s 

Specifics  are  summarized  as  follows 


D,  in 

37.  5  (OD  liner) 

tL,  in 

0.  154 

V,  in3 

26,  935 

2.  0 

psi 

1820 
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Pb«  psi 

3640  (Minimum) 

PrP 

— - - ,  psi 

444,000 

Cof.  psi 

145,  000  (Figure  A2) 

Ksd 

0.  53  (Figure  A2) 

CT  Sj_^,  psi 

47,  500  (Figure  A3) 

a  ol,  psi 

25. 175 

Po  V/W,  in 

370,  000  (Figure  Al) 

Pb  V/W,  in  (min) 

740, 000 

W,  lbs 

132.  5 

p  0  min  _  -39,600 

-1.  57 

o  max  25,  175 

D.  DETERMINATION  OF  VESSEL  CYCLIC  LIFE  GUARANTEED 
BY  PROOF  TEST 

It  should  be  mentioned  at  the  onset  of  this  analysis  that  numerous 
assumptions  were  made  during  the  course  of  developing  the  procedures,  and  the 
data  on  which  these  assumptions  were  made  are  limited  in  nature.  Because  of 
this,  the  results  presented  herein  should  be  considered  only  rough  estimates  and 
should  be  used  primarily  to  establish  data  trends.  As  more  data  comes  in  from 
NAS  3-14380  work  in  progress,  much  firmer  estimates  of  cyclic  life  guaranteed 
by  proofing  will  be  possible. 

Reference  A3  data  show  basically  that  for  2219- T62  aluminum, flaw 
size  screened  by  sizing/proof  testing  is  almost  identical  between  base  metal 
and  weld  metaD^S  Also,  for  0.  180-inch  material,  flaw  growth  rates  for  base 
metal  and  weld  metal  were  almost  identical.  These  trends  are  expected  to  hold  as 
more  data  are  developed,  and  base  metal  data  (which  is  believed  to  be  slightly 
conservative)  will  be  used  for  the  analysis.  Also  RT  proofing  was  no  less 
effective  than  cryogenic  proofing  with  respect  ot  flaw  size  screening. 

Actually,  a  smaller  flaw  is  screened  in  weld  metal  than  based  metal;  and 
calculations  based  on  base  metal  result  in  least  cyclic  life. 


The  first  step  in  the  analysis  was  to  establish  the  maximum  flaw  size 

that  could  exist  in  the  liner  after  the  sizing  cycle.  Reference  A3  static 
fracture  results  showed  (1)  that  for  the  same  failure  stress  the  flaw  depth 
causing  failure  was  larger  for  the  actual  tank  tests  (biaxial  stress  field) 
compared  to  the  uniaxial  tests,  and  (2)  no  flaw  extension  occurred  for  the 
actual  tank  tests  during  sizing  as  it  did  in  uniaxial  tests.  However, 
this  biaxial  data  was  developed  for  only  one  liner  thickness.  For  the  analysis 
presented  herein,  it  was  assumed  that  the  flaw  depth  existing  in  an  overwrapped 

tank  after  sizing  could  be  approximated  by  using  uniaxial  static  fracture  and 

growth-on-loading  results.  If  more  tank  test  data  were  available  for  various 
liner  thicknesses  this  assumption  would  not  have  been  necessary. 

The  uniaxial  static  fracture  data  were  cross-plotted  to  generate  a  family 
of  curves  for  constant  sizing  stresses  relating  the  initial  flaw  depth  that  will 
cause  failure  to  the  liner  thickness.  This  relationship  is  presented  in 

Figure  A4.  The  initial  flaw  depth  is  the  flaw  depth  present  in  the  liner  prior  to 
sizing  and  it  is  assumed  that  the  flaw  shape  (a/ 2c)  associated  with  the  inital 


flaw  is  0.20.  For  a  given  liner  thickness  and  sizing  stress,  Figure  A4  was 
used  to  determine  the  initial  flaw  depth  that  would  have  failed  a  uniaxial 
specimen.  Uniaxial  growth- on-loading  data  generated  in  Reference  A3  is 
schematically  illustrated  in  Figure  A5.  As  the  figure  indicates,  the  amount 
of  flaw  depth  growth-on-loading  occurring  is  greater  for  larger  initial  flaw 
depths  and  asymptotically  approaches  the  initial  flaw  depth  that  will  cause 
failure.  Because  of  the  nature  of  the  flaw  growth-on-loading,  it  was  necessary 
to  select  an  initial  flaw  depth  that  was  less  than  the  one  that  would  cause 
failure  during  sizing.  For  this  analysis  a  flaw  depth  of  90%  of  the  uniaxial 


a^j.  was  arbitrarily  assumed  as  the  initial  flaw  depth  prior  to  sizing.  The 
flaw  dimensions  after  sizing  (as  subscript)  are  defined  by  the  equations  below: 

0.90  ^  =  ^as  (A7) 


5  0.90 


where  A  ag  =  growth- on-loading,  and  the  factor  of  5  in  Equation  (A8) 


>• 


150 


is  based  on  an  assumed  initial  flaw  shape  (a  / 2c)  of  0.20. 


Only  a  limited  amount  of  growth-on-loading  data  is  available  on  2219-T62 
aluminum.  The  relationships  used  in  this  analysis  are  presented  in  Figure  A6 
and  are  based  upon  data  generated  in  Reference  A3.  It  was  assumed  that 
these  curves  were  independent  of  sizing  stress  but,  in  reality,  a  family  of  curves 
as  a  function  of  sizing  stress  would  exist. 

The  second  step  in  the  life  analysis  was  to  determine  how  many  operating 
cycles  it  takes  to  grow  the  flaw  (after  sizing)  to  a  point  where  either  the  liner 
leaks  or  fails.  Liner  leakage  occurs  when  the  flaw  depth  equals  the  liner  thick¬ 
ness.  Failure  in  the  base  metal  was  assumed  to  occur  when  the  combination  of 
flaw  depth  and  operating  stress  level  equals  an  apparent  stress  intensity  value  of 
31. 7  ksi  yj^in.  This  value  was  based  upon  RT  base  metal  data  of  Reference  A3 
The  stress  intensity  equation  used  is  presented  below. 


K  =  1.  1  a 


where 


stress  intensity  factor 


Q  =  flaw  shape  parameter  (Figure  A7) 

Mk  =  deep  flaw  magnification  factor  (Figure  A8) 

A  numerical  integration  technique  was  used  to  determine  the  number  of  operating 
cycles  required  to  grow  the  flaw  from  its  state  after  sizing  to  the  cutoff  condition 
(leakage  or  failure,  whichever  occurs  first).  This  flaw  growth  potential  was  di¬ 
vided  into  increments  of  A  a  and  the  number  of  cycles  required  to  grow  /sa. 
is  A  a  =  A  N  :  these  N’s  are  then  summed  to  give  the  total  cyclic  life.  It 

j  /  j 

was  assumed  that  the  flaw  length  remains  constant  until  the  flaw  shape  reaches 
0.  35  and  then  the  flaw  shape  remains  constant;  this  is  based  on  observations  of 
flaw  growth  behavior  in  2219  aluminum. 

Uniaxial  data  must  be  modified  as  applied  to  overwrapped  tanks.  Over¬ 
wrapped  liners  operate  from  compression  to  tension  during  a  zero-to-full  pre  ssure 

For  this  analysis,  ^s  was  assumed  equal  to  for  Q  determination 
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cycle.  From  data  presented  in  Reference  A3,  it  was  evident  that  rate  data 
is  a  function  of  R  ratio  (^min/  ^max)  and  this  should  be  accounted  for. 

Very  recently,  data  were  run  to  determine  the  influence  of  ^min/ ^max  (R 
ratio)on  cyclic  life  of  surface  flawed  0.  090-inch  material  as  related  to 
overwrapped  metal  vessel.  Results  of  some  of  the  preliminary  tests  are 
shown  in  Figure  A9,  giving  the  variation  in  relative  cyclic  life  as  a  function 
of  R  value  with  ^max  of  36.  1  ksi.  The  correlation  appears  excellent 
especially  where  negative  R  ratios  are  concerned.  The  failure  mode 
was  leakage  for  all  tests  conducted. 

Additional  data  are  given  in  Figures  AlO  and  All  for  Z219-T6Z  aluminum 
tested  at  R  ratios  up  to  -Z.  0,  with  ^max  values  of  36.  1,  Z4.  1  and  18  ksi, 
further  confirming  and  correlating  the  results. 

The  value  of  da/dN  for  each  increment  of  A  a  growth  was  determined 
from  the  data  presented  in  Figure  AIZ  for  ^max  =  36  ksi,  R  =  O,  t  =  0.  180-in 

X/ 

(close  to  0.  154-in).  Stress  intensity  for  these  calculations  was  based  on 
equation  (3)  without  the  .  Then  data  of  Figure  All  were  used  to  adjust 
results  for  the  tank  design  R  =  -1. 57  and  ^o  =  Z5.  Z  ksi. 

Sample  calculations  and  results  for  the  tank  design  of  interest  with 
Ksd-0.  53  are  given  in  Table  AIII.  Basea  on  the  foregoing  assumptions  and 
data  for  a/Zc  =  0.  Z, cycle  life  guaranteed  by  a  proof  test  is  about  57  0  cycles; 
this  meets  the  400  cycle  operating  requirement. 


E.  REASONABLE  TANK  REPROOFING  INTERNAL 

It  is  desirable  that  tanks  be  suitable  for  400  flight  service 
cycles,  and  considering  data  scatter,  the  qualification  program  would 
then  require  demonstration  of  a  1600  cycle  capability*  The  greatest  cycle 
life  that  can  be  guaranteed  by  the  conservative  fracture  mechanics  approach 
would  be  570  cycles.  Thus,  it  might  be  possible  to  pass  the  1600  cycle 
test  during  vessel  qualification,  since  it  is  unlikely  that  any  given  tank  would 
contain  an  undetected  flaw  as  large  as  a^j-  after  proof.  However,  it  is 
recommended  that  for  this  design,  for  both  flight  and  qualification  hardware, 
a  reproof  be  made  after  every  500  cycles. 

F.  METAL  SHELL  MODE  OF  FAILURE 

The  Reference  A3  specimens  (up  to  0,  320~in  thick)  were 
subjected  to  a  sizing  (proof)  stress  in  the  plastic  range  of  the  material  and 
subsequently  cycled  to  failure  at  various  stresses  below  the  sizing  stress. 

The  mode  of  failure  was  the  leak  type  for  all  specimens  tested  (i.e.  the 
leak  mode  failure  exhibits  no  visual  structural  damage;  the  fail  mode  of 

failure  is  more  energetic  and  results  in  rapid  crack  propagation  in  the  aluminum. 

In  order  to  provide  a  conservative  estimate  of  the  fail  mode  crack 
depth  for  a  given  thickness  and  cyclic  operating  stress  level,  the  following 
assumptions  were  made: 

(1)  (as  modified  by  plasticity  effects)  has  a  value  of 

3i.7ksi/n::  This  was  the  minimum  value  obtained  during  static  fracture 

testing. 
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(2) 


When  the  stress  intensity,  as  defined  by  the  relation 
K=1.95 

reaches  Kj^,  fail  mode  of  failure  will  occur. 

(3)  The  surface  flaw  is  initially  defined  by  a/ 2c  =  0.  2, 
and  the  primary  flaw  growth  is  in  the  depth  direction.  As  the  flaw  approaches 
the  back  surface  (flaw  depth  =  thickness),  the  flaw  shape  is  defined  by 

a/ 2c  =  0.  35.  The  corresponding  deep  flaw  magnification  factor  (Mj^)  is 
approximately  1.  25. 

(4)  Equating  the  stress  intensity  (K)  to  the  value  of 
the  relation  may  be  solved  for  the  critical  thickness  (a  =  t^^)  which 

will  cause  fail  mode  of  failure  (as  opposed  to  leak  mode)  for  a  given 
operating  stress  (a  =  Gq). 


The  results  are  depicted  in  the  fail/leak  curve  of  Figure 
A13.  For  both  modes  of  failure,  destruction  or  fragmentation  of 
the  composite  overwrap  is  not  expected  (based  on  ambient  test  results 
obtained  under  Contract  NAS  3-  14380).  For  the  designs  of  interest, 
thicknesses  and  operating  stresses  are  well  within  the  leak  mode  of 
failure  regime, 

G.  FILAMENT- WOUND  COMPOSITE  THICKNESS 
The  equivalent  thickness  of  PRD  is 
PqD  _  ^  t 

tg  =  — i - 1 — =0.091  (A5a) 

^  of 
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and,  the  composite  thickness  is 


where 


tc 


_  2tg 


0.280  in 


(A6a) 


Pv£  =  0.  65  for  PRD/Epoxy 

H.  LOAD  BALANCE  CHECK 

The  operating  condition  has  been  checked  above. 


For  the  burst  pressure  condition 


2 


F 


tu,  L 


t 


34,  125 


^  tu,  f  te 


(A5b) 


where  ^ 

tUj  L  =  51 , 800  psi 

u,  f  ~  286,  000  psi 

The  liner  carries  24%  of  the  load  and  the  filament-wound  composite  76%. 

I.  LOAD-DUMP  CHECK 

This  refers  to  the  capability  of  the  FWC  to  sustain  the  entire  applied  oper- 
ating  pressure  load  if  the  metal  should  fail  and  have  no  load  carrying  capability 
whatsoever. 


P  R 
o 

2 


17,063  lb /in  =  f  e 


a£ 


17,063  Ib/in 
0.  091 


(A5c) 

=  187,505  <<  286,000  psi 


J. 


WEIGHT  DATA 

Mid-Diameter  Liner,  D^ 
Mid-Diameter  FWC,  D 

c 

Outside  Diameter  Vessel 
Vessel  Membrane  Weight, 


=  37. 346  in 

=  37.  780  in 

=  38.  060  in 

W  ,  is  determined  from 
M 
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W„  =  12.57 

M 


(A  10) 


68.84  +  61.54 


130. 38  lbs 


where 


=  0.  102  1b/in 


=  0.  049  Ib/in^ 


0. 154-in 

0. 280-in 


Total  Weight  (minimum  design) .  130.  38  lbs 


Tolerance  Contingency  and  Bosses 


17.  12  lbs 


Total 


147. 50  lbs 


The  weight  contingency  is  divided  as  follows.  For  the  metal  liner,  the  0.  154-in 
thickness  is  de sign  minimun,  with  a  permissable  tolerance  of  -0.000/  +  0.030  in; 
actual  metal  shell  weights,  including  tolerances  and  the  polar  boss  fittings  are 
expected  to  be  10.46  lbs  over  the  computed  minimum  values.  The  filament  wound 
composite  can  be  fabricated  to  0.280-in  nominal  thickness  at  the  equator,  but 
there  is  a  thickness  increase  up  the  shell  from  the  equator  to  the  polar  bosses 
which  is  expected  to  add  6.  66  lbs  to  the  computed  minimum  values. 


K.  Performance  Efficiencies 

Based  on  the  foregoing  data,  pressure  vessel  performance  efficiencies 
are  as  follows  for  1820  psi  operating,  3640  psi  minimum  burst,  and  26,  935  in 
volume. 


-f’oN  ,  in 

W  . 

£  bV  ,  in,  minimum*  •  • 

W 


Vessel  Weight,  lbs 
130. 381  147. 50 

375,830  332,350 

749,840  664,700 
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Expected  burst  pressure  is  greater  than  minimum  design.  Using 
Pb  = :  ^tu,  L*^L  +  P'tu.f  te  |  =  4161  psi  (A5d) 

with  the  following  typical  properties 


^tu,  L 

=  58,  000  psi 

A 

^tu,  f 

_  330, 000  psi 

=  0.  154  in 

> 

=  0.  091  in 

Expected  p|^V/W  based  on  147.  50  lb  weight  is 

PbV  =  (4161)  (26,  935)  ^ 

IT 

Weight  savings  are  expected  to  range  from  11%  minimum  to  26%  when 

compared  to  6A1-4  V  Ti  (STA)  spherical  pressure  vessels  at  p,  V/ W  =  600,  000 

b 

in. 

L.  STRESS  VERSUS  STRAIN  DIAGRAM 

Detailed  calculations  were  performed  to  establish  stresses  and 
strains  at  various  conditions.  Figure  A14  presents  the  vessel  stress-strain 
diagram.  Membrane  stresses  in  the  PRD/epoxy  and  aluminum  shells  are 
summarized  in  Table  AIV. 

M.  PRESSURE  VERSUS  STRAIN  DIAGRAM 

Figure  A15  gives  the  vessel  design  pressure  versus  strain  curve. 

N.  SUMMARY  DATA 

Table  AV  lists  summary  data  for  the  pressure  vessel  design. 
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IV.  WINDING  PATTERN 

Winding  patterns  for  FR  metal  pressure  vessels  require  the  application  of  a 
specific  quantity  of  roving  in  predetermined  orientations  in  order  to  obtain  the 
desired  burst  and/or  operating  pressure.  Unlike  the  filament-wound  oblate 
spheroidal  vessel,  whose  head  shape  depends  upon  a  single  in-plane  winding 
pattern,  the  head  shape  of  a  spherical  vessel  is  fixed, and  the  pattern  is  designed  to 
complement  the  shape. 

The  basis  for  establishing  a  winding  pattern  for  the  sphere  is  the  uniform 
stress  field  induced  in  the  wall  of  a  sphere  when  the  vessel  is  subjected  to  pres¬ 
sure.  Efficient  filament  loading  is  obtained  if  filaments  are  oriented  in  a  balanced 
multiangular  pattern  within  the  wall.  SCI  has  developed  semi-emperical,  axisym- 
metric,  multiangular,  winding  patterns  for  spherical  vessels  based  on  these  con¬ 
siderations. 

A.  EQUATOR  OF  HEAD 


All  oriented  layers  of  fiber  pass  thru  the  equator  of  the  head,  and  the 
filament  thickness  per  layer  of  4-end  PRD-49  roving  may  be  determined  from  the 
expression 


tf  - 


where 


(A  11) 


Af  =  cross  sectional  area  of  4-end  roving 
=  5.  380  X  10“'^  inches^ 

W£  =  single  strand  width,  fixed  at  0.  130  inches 
Thus,  the  filament  thickness  per  layer  is 

tf  =  5.380  X  lO-'^/O.  130  ^  0,00414  inches 
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Two  layers  are  formed  for  each  revolution  of  the  winding  mandrel.  A  value  of  21- 
revolutions  ()MR)of  the  winding  mandrel  was  selected  for  this  pattern,  and  for  a 
volume  fraction  (Pvf)  of  PRD  at  the  vessel  equator  equal  to  0.  62'^S  the  resultant 
thickness  at  the  equator  is 

tee  =  2Nr  tf /Pvf  (A  12) 

'  =  2(21)  (.00414)/0.62 
tee  =  0,28j0  inches 
B.  ADJACENT  TO  POLE 


Experience  gained  in  testing  GFR  metal  spheres  has  indicated  that  a 
10  to  15%  buildup  of  composite  material  is  necessary  as  a  reinforcement  in  the 
area  of  the  port.  The  average  composite  thickness  adjacent  to  the  pole  resulting 
from  one  revolution  of  butt  windings  at  the  equator  may  be  calculated  from  the 

expression  Vf  _ 

fv-f  Wi  ( W,  )  (A  13) 


The  volume  of  fiber  (Vf)  contributing  to  the  buildup  is 

V(?=  N3  (A  14) 

The  surface  area  of  fiber  (Ag^f)  contributed  by  each  tape  (turn)  may  be  found  from 
the  expression 


As/  =(At.?S 


.2r- 


_  sm2A^ 


Where, 


AV~  cos 


-I 


Db 


(A  15) 


(A  16) 


w.  =  winding  tape  width  =  N2Wf 

I  • 

'I'Based  on  actual  measurements  ^v£  average  for  a  PRD/  Epoxy  vessel  is  0.  65, 
with  0.  62  locally  at  the  equator* 
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N2  =  number  of  rovings  per  tape 
Db  diameter  of  boss  =  6,25  inches 

The  number  of  turns  per  revolution  (N3)  is  related  to  the  tape  width  by  the  expres¬ 
sion 


s:  cos  <Xp 

3 


(A  17) 


where,  the  polar  in-plane  angle  (otp)  is 


ap  = 


sin 


•  1  /  Dp  + 


Wi 


Dr 


and 


(A  18) 


=  diameter  of  sphere  =37.5  inches 

Calculations  were  performed  using  equations (A13)thru(A18)  to  arrive  at 
values  of  composite  thickness  adjacent  to  the  boss  as  a  function  of  foxir  different 
tape  widths.  Results  of  the  calculations  are  presented  in  the  following  table. 


> 


N2 

Wi 

(inches) 

ot 

p 

(degrees) 

N3 

Air 

(radians) 

As,  f 
(inches^) 

Vf 

(inches'^) 

^cp 

(inches) 

12 

1.56 

12. 0 

74 

0.  841 

7.  546 

2.  312 

0. 093 

10 

1. 30 

11.5 

89 

0.787 

5.  611 

2.  067 

0. 103 

8 

1.04 

11.2 

111 

0.  722 

3.  925 

1.804 

0,117 

6 

0.  78 

10.  8 

148 

0.  643 

2.  489 

1.525 

0.  136 

Inspection  of  the  above  table  coupled  with  practical  considerations  during  winding, 

lead  to  the  selection  of  a  polar  pattern  consisting  to  two  revolutions  of  12- strand 

tapes  and  one  revolution  of  6- strand  tapes.  This  pattern  results  in  a  total  composite 

thickness  adjacent  to  the  port  of 

t  =  2(0.093)  +  0.136  =  0.322  inches 
cp 

which  is  1.15  times  the  composite  thickness  at  the  equator.  This  value  is  within 
the  required  10  to  15%  buildup  range. 
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C.  ADDITIONAL  PARAMETERS 

In  addition  to  the  three  revolutions  of  windings  adjacent  to  the  pole, 
two  circuits  consisting  of  9  revolutions  (steps)  each  of  12-  strand  tapes  was 
selected  to  complete  the  winding  pattern;  the  total  pattern  contains  the  required 
21  revolutions  of  two-layer  windings  selected  in  Section  IV  A.  The  circuit  con¬ 
sists  of  windings  placed  at  wrap  angles  (or  steps)  incremented  by  the  expression 

^  0!,=Q!^+AQ!^2  +  (i-2)  A  a  (A  19) 

Where, 

i  =  2,  3,  .  .  .  10 

Oi  ^  -  polar  wrap  angle  for  12  -  strand  tape  =  12.0  degrees 

Lot  =  angular  increment  of  polar  step  to  second  step,  selected  as 
1 2 

3. 5  degrees 

A  Oi  ”  angular  increment,  selected  as  6.5  degrees 

The  number  of  turns  per  revolution  for  the  i’th  wrap  angle  is  given  by  the  expres¬ 
sion 

N  .  -  TT  D  cos  Oi.  /  N  W  (A  20) 

0,1  c  1 

Calculations  were  performed  using  equations  (A  19)  and  (A  20) 
at  values  for  the  wrap  pattern  variables.  Results  of  the  calculations  are  pre- 
»  sented  in  Table  AVI. 
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V.  BOSS  ANALYSIS 


A.  FLANGE  BENDING 

Only  the  most  critical  section  of  the  boss,  located  at  the  base 
of  the  flange,  was  analyzed.  Stresses  there  were  determined  by  using  the  conserva¬ 
tive  assumption  that  the  flange  is  a  flat  plate  with  a  concentrated  annular  load  and 
a  fixed  inner  edge  (the  body).  * 


The  end-for-end  wrap  pattern  of  the  polar  longitudinal  filaments 
produces  a  rigid  band  around  the  boss  that  supports  the  flange.  The  load  applied 
(W)  is  the  reaction  of  the  boss  flange  bearing  against  the  composite  structure. 
The  total  load  is  therefore  equivalent  to  the  pressure  acting  over  the  area  within 
the  reaction  circle.  The  diameter  at  which  the  load  is  assumed  to  act  (D^)  is 

^w  ~  ^1 

where 


Db  =  boss  diameter  =  6.250  inches 

Wi  =  polar  winding  tape  width  =  0.780  inches 

The  bending  stress  at  the  juncture  of  the  flange  and  boss  (ajj)  is  calcu¬ 
lated  in  accordance  with  formulas  for  loading  on  a  flat  plate  (Refer ence  A6,  Case 
22,  p.  223); 


(A  21) 


W 


0 

D  *■ 
w 


(A  22) 
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^22 


1 


t-jj  =  flange  thickness  =  0.  600  inches 


Solving  the  relationships 


=  6.250  +  0.  780  =  7.030  inches 
W  =  (3640)  (7.  03 0)^/4  =  141, 215  pounds 


8, 


7.030 


22  6.250 

The  bending  stress  is 


1  =  0. 125 


(Tb  =  0. 125  (141, 215)  /  (iS.  600) 
=  49,  033  psi 


and,  the  margin  of  safety  is 


^tu  ,  54 


M.S.  =  -^  -1  = 

(Tb 


-  1  =  +0.10 


B.  BOLT  STRENGTH 


The  load  per  bolt  {L|j)  was  calculated  from  the  expression 

Lb  =  ^  Dbc^-Pb/4Nb  .  (A  23) 

where 

=  bolt  circle  diameter  =  5.625  inches 
=  number  of  bolts  =16 

Thus, 

Lb  =  n(5. 625)2(3640)74(16) 


=5651  pounds 

For  5/16-24  bolts  with  an  ultimate  tensile  strength  of  170,000,  the  ultimate  tensile 
load  per  bolt  (Lj.^^)  is  9800  pounds.  The  margin  of  safety  is 


M.S. 


9.8 
5.  65 


1  =  ^  Q-  73 
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MATERIAL  PROPERTIES  USED  FOR  VESSEL  DESIGN 


I 


III 


w 

Q 

Pi 


o 


X 

in 

00 

ON 


X 

nO 

00 


O 

r->4 

(M 

f 


m 


NO 


vO 


H  H 

ti. 

d  -H 

<vj 


X 


X 

w 

pH 

in 

nj 

in 

o 

X 

o 

o 

m 

o 

o 

o 

1-^ 

o 

pH 

o 

(N) 

o 

o 

r— H 

ON 

o 

in 

m 

o 

cn 

CNJ 

nO 

• 

• 

•« 

• 

• 

•» 

• 

• 

o 

00 

(VJ 

ON 

o 

(NJ 

o 

o 

o 

ON 

(V3 

rH 

1 

o 

1 

1 

•Nt< 

166 


u 

•  a| 
o 

{1^ 


CO 


u 

d 

•H 


>> 

-J-» 

•H 

CO 

d 

o 

Q 


d  P4 
o  o 
•S  ^ 

S  ^ 

X  o 


W 


m 

4- 


(d 

a 

0) 

£  ^ 
H  o 


cd 


1 

o 

pd 

'H 

o 

d 

d 

0 

•  H 

•H 

a 

pd 

u 

d 

0 

•H 

0 

O 

CO 

Qi 

to 

d 

<u 

u 

cn 

"O 

r~C 

<u 

•r-l 

tH 


CO 

d 

<D 

H 


o 

Qi 

CO 

0) 

Pi 

♦r4 

+-> 

00 

g  h 

?H  O 

4-»  ^ 

^  -55 

-o  a, 

I— I 

0)  ^ 
•H  (1) 

U 

^  B 

O  1d 

(U  ^ 

15  a 

j>  <u 

•51 

<0 

Q 


o 

<D 

CU 

CO 

O 

Pi 


CO 

r 

T)  O 

I  ^ 


o 

<D 

'Oh 

CO 

O 

Pi 


o 

•H 

4J 

nJ 

P4 

CO  O 


0) 

> 

•H 

CO 

CO 

(D 

u 

Ph 

a 

o 

O 

tiO 

d 

•H 

+J 

cd 

u 

0 

a  - 


CO 


« 

0 


•H 

0 

CJ 

•H 

Oh 

•  H 

CO 

d 

o 

u 

0 

Oh 

<d 

<H 

•ff^ 

Oh 

+-> 

0 

0 

Oh 

CO 

CO 

0 

iH 

rQ 

(X4 

CO 

d 

(d 

pH 

w 

d 

-M 

(d 

CO 

d 

o 

•  H 

•  H 

0 

Oh 

u 

d 

H 

<d 

(d 

o 

O 

in 

d 

o 

•H 

d 

'H 

rH 

d 

% 

rH 

fH 

Hh 

U 

o 

o 

0 

0 

Oh 

tj 

o 

Pi 

o 

0 

0 

Oh 

< 

-M 

(d 

(d 

> 

0 

> 

B 

a 

CO 

Ui 

o 

•  H 
4-> 

cd 

0 

H 

o 

d 

o 

•  H 
H 

cd 

0 

H 

fj 

c 

CO 

0 

0 

4J 

to 

(d 

> 

•pH 

u 

o 

■  r-l 
+-» 

CO 

cd 

CO 

CO 

•H 

> 

•H 

U 

0 

H-> 

c 

4^ 

CO 

pH 

f-H 

0 

pH 

o 

0 

cd 

NH 

o 

MATERIAL  DESIGN  ALLOWABLES 


% 


CO 

"d 


< 


CO 

<u 

o 


<u 

u 

<D 

vw 


0) 

PtJ 


s 

o 

;h 

VH 


iS 


nJ 


Q 


167 


(c)  Based  on  weld  joint  efficiency  of  96%  from  References  A2  and  A3. 
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Minimum  Burst  664,  700 

Expected  Burst  759,  840 


TABLE  AVI 


PRD  FR  ALUMINUM  SPHERE  WINDING  PATTERN 


Wrap  Angle 
a  (degree  s) 


3 


Tape  Width 
W  (inches) 


No.  turns 
per  revolution,  N 


gOI  X  (xuqi/qi-m)  ‘(aV/A®*^)  3DNVFIHO^H3d  DNIiVH3dO 


nO  m  ^ 

•  •  •  • 

O  O  O  O  (Vj 


3/r  ‘(m/A°^)  3DMVI^H03H3d  DNIXVH3dO 


172 


FIGURE  A 1 :  Design  Performance  Curves  for 

Kevlar  FR  2219-T62  Aluminum  Spheres 
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FIGURE  A2:  Design  Metal  Shell  Thickness  Curves  For 
Kevlar  FR  2219- T62  Aluminum  Spheres 
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FIGURE  A3:  Design  Stress  Chart  For 

Kevlar  FR  2219-T62  Aluminum  Spheres 
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FIGURE  A8:  DEEP  FLAW  MAGNIFICATION  CURVES 
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10  100  1000  10,000 

da/dN  (  fX  mm/CYCLE) 

FIGURE  AlO:  CYCLIC  CRACK  GROWTH  RATES  FOR  2.29  mm  (0.090  INCH)  THICK  2219-  T62 
ALUMINUM  BM  AT  295K  (720F)  and  VARIOUS  R  RATIOS. 
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FIGURE  A  13 

184  2219  T-62  MODE  OF  FAILURE  AS  A 

FUNCTION  OF  STRESS  AND  THICKNESS 
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FIGURE  A 14:  Ambient  Stress/Strain  Relationship 

For  Kevlar-49  FR  2219-T62  Aluminum  Sphere 


MEMBRANE  STRESS,  ksi 


STRAIN,  % 


FIGURE  AlSiAmbient  Pressure/Strain  Relationship  For 
KevIar-49  FR  2219- T62  Aluminum  Sphere 


APPENDIX  B 


SIZING  TEST  PROCEDURE- 
KEVLAR  FIBER  REINFORCED 
2219- T62  ALUMINUM  SPHERES 
PART  NUMBER  1269382-1 


SCI  Specification  74-45, 


March  1974 


Prepared  for 

NASA  LEWIS  RESEARCH  CENTER 
CLEVELAND,  OHIO 


Prepared  by 
R.  E.  Landes 


STRUCTURAL  COMPOSITES  INDUSTRIES,  INC. 
6344  North  Irwindale  Avenue 
Azusa,  California  9 1702 


Presentation  of  this  procedure  in  S.  I.  Units  would  reduce  the  clarity 
of  this  Appendix,  The  procedure  is  presented  in  the  original  form  as 
written  by  the  author. 
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1.0 


SCOPE 


1.  1  The  purpose  of  this  test  procedure  is  to  present  the  detailed 

methods  and  instrumentation  to  be  used  for  establishing  the 
required  filament  and  metal  pre stress  conditions  in  the  sphe 
ical*PRD  Fiber-Reinforced  (PRD  FR)  2219-T62  Aluminum 
pressure  vessels,  P/N  1269382-1. 


*  Kevlar-49  Roving  was  formerly  designated  as  PRD-49-III  Roving 


2.  0  REFERENCE  DOCUMENTS 

NOTE:  Latest  changes  apply  to  all  documents. 

2.  1  SCI  Drawing  Number  1269382-1,  titled:  Pressure  Vessel  PRD- 

FR  2219  Aluminum  Sphere 

2.2  ^  SCI  Drawing  Number  1269381-1,  titled:  liner  Assembly  2219- 

T62  Aluminum  Sphere 

2.3  SCI  Drawing  Number  T-1400138  Revision  C,  titled:  Test  Plate 

2.4  Design  Analysis-PRD  Fiber  Reinforced  Aluminum  Sphere,  SCI 
Special  Report  7331  (Rev.  A),  dated  January  1974 

2,  5  Fabrication  Procedure  for  PRD  FR  2219  Aluminum  Sphere  SCI 

Shop  Order  Number  1269382-1 

2.  6  Micr-Measurements  Strain  Gage  Installation  Procedure,  In¬ 

struction  Bulletin  B-137,  October  1970. 

2.7  SCI  Drawing  Number  T- 1400264,  titled:  Tie-Rod 

2.  8  SCI  Drawing  SK-75-001,  titled:  Tie-Rod  Assembly 


191 


3.0 


DESCRIPTION  OF  TEST  SPECIMENS 


3.1  The  six  (6)  test  specimens  are  spherical  38.0-inch-diameter 

PRD  FR  2219-T62  aluminum  pressure  vessels  fabricated  as  SCI 
Part  Number  1269382-1  and  serialized  as  S-1  thru  S-6. 
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TEST  SPECIMEN  DESIGN  CONSIDERATION 


4.0 

4.1 


4.1.1 


4.1.2 


4.  2 


4.2.1 


The  test  specimen  Design  Analysis  document  of  Paragraph  2.4 
presents  calculated  values  of  stresses,  strains,  and  pressures 
including  the  resultant  stress- strain  and  pres  sure -strain  re¬ 
lations  for  sizing,  operating,  and  bursting  the  test  specimens. 

The  calculations  are  based  on  average  values  for  geometric 
parameters  and  material  properties. 

Manufacturing  tolerences  inherent  in  the  fabrication  of  the  test 
specimens  and  normal  variations  in  basic  properties  of  the  mat¬ 
erials  of  construction  can  strongly  influence  the  predicted  test 
results.  The  probable  variations  in  these  parameters  are  shown 
in  Table  BI. 

A  variation  between  predicted  values  for  stresses  (strains)  and 
actual  stresses  (strains)  achieved  during  pressure  testing  could 
have  a  strong  influence  on  the  performance  of  the  test  specimen. 
This  is  especially  true  during  the  sizing  test  since  this  operation 
fixes  the  stress  states  between  the  metal  shell  and  overwrap  and 
the  strain  range  available  for  later  operation  of  the  test  specimen. 


Values  for  the  most  critical  stress  conditions  which  must  be 
predictably  achieved,  if  the  specimen  is  to  perform  according 
to  the  Design  Analysis,  are: 

(1)  Metal  Shell  Sizing  Stress  (  Q'g) 

47,  5  Ksi 

(2)  Metal  Shell  Pre stress 
after  sizing  (F^) 

-39.  6  Ksi 

(3)  Metal  Shell  Operating  Stress 

25.  1  Ksi 

Note:  The  metal  shell  sizing  stress  (Item  1)  may  vary  slightly 
with  negligible  effects  on  performance. 


Stress/ strain  and  pressure/ strain  envelopes  were  prepared  to 
indicate  the  probable  variation  in  parameters  which  could  be 
expected  during  the  sizing  operation. 

The  stress /strain  envelopes  were  based  on  equations  from  the 
Design  Analysis  (Paragraph  2.4),  the  metal  shell  material  pro 
perty  range  of  Table  BI,  and  expected  values  for  composite 


193 


4.  2.  1 


thickness  (t^  =  0,  310)  and  metal  shell  thickness  (tj^  =  0-  173). 
Figures  B1  and  B2  indicate  the  stress/ strain  envelopes  based 
on  filament  modulii  of  18,  6  x  10^  psi  (minimum  value)  and 
20,  0  X  10^  psi  (maximum  value),  respectively.  Included  in 
each  figure  is  a  (canted)  pressure  scale  for  establishing 
the  value  of  pressure  for  a  given  stress/ strain  condition. 

4.2.2  Figure  B3  is  the  expected  pressure/ strain  envelope  based  on 

the  combined  stress/ strain  envelopes  of  Figures  B1  and  B2. 
Several  specific  pressure/ strain  curves  corresponding  to 
different  fixed  combinations  of  material  properties  have 
been  included  in  the  figure.  The  procedure  for  using  this 
figure  to  establish  the  correct  sizing  pressure  during  test 
of  a  specific  vessel  (which  fixes  the  desired  operating  strain 
range)  is  covered  in  Paragraph  7.0, 


GEOMETRIC  DATA  ACQUISITION 


As  discussed  in  Paragraph  4.  1.  I,  manufacturing  tolerances 
cause  variations  in  test  specimen  geometry,  not  only  from  the 
expected  design  value,  but  also  from  unit  to  unit.  Since  geo¬ 
metry  was  not  included  as  a  variable  in  the  parameter  envelopes 
of  Figures  B1  through  B3,  expected  versus  actual  comparative 
data  are  required  for  each  test  specimen  prior  to  test. 


Expected  values  for  selected  geometric  para  ¬ 
meters  associated  with  the  Liner  Assembly,  PN 
1269381,  are  recorded  on  Data  Sheet  Number  1. 
Actual  values  for  those  parameters  which  can  be 
measured  shall  be  transferred  from  the  Shop 
Order,  Paragraph  2.  5  to  Data  Sheet  Number  1. 
The  remainder  of  the  parametric  values  shall 
be  calculated  using  the  equations  of  Enclosure  B2 
and  entered  on  Data  Sheet  Number  1. 

Expected  values  for  selected  parameters  asso¬ 
ciated  with  the  Pressure  Vessel,  PN  1269382, 
are  recorded  on  Data  Sheet  Number  2.  Actual 
values  recorded  on  the  Shop  Order,  Paragraph 
2.  5,  shall  be  entered  on  Data  Sheet  Number  2. 
The  remainder  of  the  required  values  shall  be 
calculated  using  the  equations  of  Enclosure  B2 
and  entered  on  Data  Sheet  Number  2. 


STRAIN  DATA  ACQUISITION 


Strain  gage  and  extensometer  output  will  be  used  to  fix  the  location 
of  the  individual  pressure /strain  curve  within  the  envelope  of 
Figure BSduring  the  sizing  operation  performed  on  each  test 
specimeno  Expected  test  values  for  sensor  calibration  are  re¬ 
corded  in  Table  BII. 

Strain  Gage  Rosettes 

The  strain  gage  selected  for  this  application  is  Micro-Measure¬ 
ments  Gage  NOo  EA-06-250TG-350,  This  gage  is  a  polyimide 
backed,  general  purpose,  2-element  90®  tee  rosette  with  a  strain 
range  of  5%. 

Four  strain  gages  shall  be  located  on  the  ex¬ 
ternal  surface  of  the  test  specimen  at  the  lo¬ 
cations  defined  in  Figure  B4.  The  gages  shall 
be  bonded  with  M-Bond  AE-10  adhesive  ac¬ 
cording  to  the  procedure  outlined  in  the  docu¬ 
ment  of  Paragraph  2o  6 


Extensometer  s 

The  linear  displacement  transducers  selected  for  measurement 
of  the  vessel  circumferential  expansion  were  designed  and 
fabricated  by  SCIo  The  major  component  is  a  Duncan  Series 
220  Slideline  Control  with  a  single  linear  1  K  ohm  resistive 
element.  The  control  has  a  functional  mechanicaT  travel  of 
2o  5-inches,  infinite  resolution,  and  3%  tracking. 

Three  extensometer s  shall  be  located  on  the 
external  surface  of  the  vessel  in  the  orientations 
shown  in  FigureB4.  The  extensometer s  shall 
be  calibrated  according  to  the  procedure  outlined 
in  Enclosure  B3. 


A 


1 


* 


7.  0  TEST  REQUIREMENTS  AND  PROCEDURES 


7.1 


Test  Setup 


7.1.1 


7.1.2 


7.1.3 


7.2 


7.  2. 1 


7.  2.2 


7.  2.3 


7.  2.4 


7.  2.5 


"O"  Rings  and  Backup  rings  shall  be  installed 
on  each  test  plate,  T-1400I38,  and  the  test 
plates  secured  to  the  vessel  bosses.  The 
test  plates  shall  be  coupled  together  with  a 
tie-rod,  T-1400264,  per  SK-75-001. 

A  pretest  leak  check  of  all  fittings  and  equip¬ 
ment  shall  be  performed  on  the  pressurization 
system  adjusted  to  a  dead-end  condition.  The 
test  specimen  shall  be  isolated  from  the  system 
during  the  leak  test. 

The  test  specimen,  filled  with  hydraulic  fluid 
per  MIL  H-5606-C  and  bled  of  all  entrapped 
air,  shall  be  installed  in  a  hydraulic  test 
system  as  illustrated  in  Figure  B5. 


Test  Procedure 


Fluid  pressure  in  the  test  specimen  shall  be 
increased  to  500  psi  at  rate  of  approximately 
2000  psi/min. 

Pressure  shall  be  maintained  at  500  psi  while 
strain  data  is  observed  and  selected  values  re¬ 
corded  on  Data  Sheet  Number  3. 

Fluid  pressure  shall  be  increased  to  1000  psi 
at  a  rate  of  approximately  2000  psi/min. 

Pressure  shall  be  maintained  at  1000  psi  while 
strain  data  is  observed  and  selected  values  re¬ 
corded  on  Data  Sheet  Number  3. 

Fluid  pressure  shall  be  increased  at  a  rate  of 
2000  psi/min  to  a  value  (approximately  1800 
psi)  determined  by  the  Cognizant  Project  En¬ 
gineer  per  Para;graph  7.  3.  4 
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7.2.6 


7.2.7 


7.2.8 


7.2.9 


7.2.10 


7.2.11 


7.  3 


Pressure  shall  be  maintained  at  the  value  of 
Paragraph  7.  2.5  while  pressure  and  selected 
strain  data  are  recorded  on  Data  Sheet  Number 
3. 

Fluid  pressure  shall  be  increased  at  a  rate  of 
1000  psi/min  to  a  2nd  value  (approximately 
2000  psi)  determined  by  the  Cognizant  Project 
Engineer  per  Paragraph  7.  3.  4. 

Pressure  shall  be  maintained  at  the  value  of 
Paragraph  7.  2.  7  while  pressure  and  selected 
strain  data  are  recorded  on  Data  Sheet  Number 
3. 

Fluid  pressure  shall  be  increased  at  a  rate  of 
1000  psi/min  to  the  sizing  pressure  as  deter¬ 
mined  by  the  Cognizant  Project  Engineer  (see 
Paragraph  7.  3),  and  subsequently  reduced  to 
zero  at  a  rate  of  approximately  2000  psi/min. 

The  value  for  sizing  pressure  and  any  additional 
observations  shall  be  recorded  on  Data  Sheet 
Number  3, 

Data  Sheet  Number  3  and  all  additional  raw  data 
shall  be  maintained  on  file  in  the  Quality  Con¬ 
trol  Department. 


Instantaneous  Data  Plots 


7.  3,  1 


7.3.2 


All  instantaneous  data  plots  constructed  during 
the  sizing  test  shall  be  the  sole  responsibility 
of  the  Cognizant  Engineer  or  his  delegate. 

The  two  data  points  of  Paragraphs  7.  2.  2  and 
7.  2.  4  shall  be  recorded  on  FigureB3and  sub¬ 
sequently  connected  by  a  straight  line  extend¬ 
ing  above  2000  psi  (approximate).  This  line 
defines  the  tensile  biaxial  elastic  modulus  of 
the  test  specimen  and  indicates  the  probable 
compressive  biaxial  elastic  modulus. 


r~i 


c 
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7.3.3 


7.3.4 


7.3.5 


7.  3.  6 


The  location  of  the  tensile  elastic  curve,  rel¬ 
ative  to  preplotted  E^/E^  curves,  shall  be 
noted  and  used  to  define  the  probable  location 
of  the  compressive  elastic  curve  in  the  com¬ 
pressive  (depressurization)  envelope.  A 
straight  line  shall  be  drawn  on  Figure  B3,  at 
the  selected  location  within  the  depressuri¬ 
zation  envelope,  having  the  same  slope  as 
the  tensile  elastic  curve.  The  curve  shall 
extend  from  zero  pressure  to  approximately 
3000  psi. 

Establishment  of  the  pressure  hold  points  of 
Paragraphs  7.  2.  5  and  7.  2.  7  shall  be  based 
on  strain  data  indications  that  (1)  the  test 
specimen  has  experienced  metal  yielding  (de¬ 
finite  change  in  slope  of  pres  sure /strain 
curve),  but  (2)  has  not  approached  the  pro¬ 
bable  sizing  strain  limit  point. 

The  two  data  points  of  Paragraphs  7.  2.  6  and 
7.  2.  8  shall  be  recorded  on  Figure  3  and  sub¬ 
sequently  connected  by  a  straight  line  ex¬ 
tending  between  the  constructed  tensile  and 
compressive  elastic  curves.  This  line  defines 
a  linear  approximation  of  the  biaxial  "plastic" 
modulus  of  the  test  specimen.  The  inter¬ 
section  of  this  biaxial  "plastic"  modulus  curve 
with  the  compressive  elastic  curve  defines 
the  sizing  pressure.  This  value  is  required 
as  input  for  the  operation  defined  in  Para¬ 
graph  7.  2.  9. 

FigureB3  curve  plots  for  each  specific  test 
specimen  shall  remain  with  the  corresponding 
data  package  on  file  in  the  Quality  Control 
Department. 
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TABLE  BI  PfiOBABLE  VARIATION  IN  GEOMETRIC  AND  MATERIAL  PROPERTIES 


is  assumed  to  be  1/2 


TABLE  HI  EXPECTED  TEST  VALUES  FOR  SENSOR  CALIBRATION 


Test  Parameter  Expected  Value 

As  Fabricated 


Outside  Diameter,  in 

38.  11 

3 

Internal  Volume,  in 

26,  800 

At  Sizing  Pressure 

Pressure,  psi 

2714 

3 

Volumetric  Expansion,  in 

715 

Circumferential  Expansion,  in 

1, 05 

Strain,  % 

0.  88 

After  Sizing  (zero  pressure) 

Outside  Diameter,  in 

38.  23 

3 

Internal  Volume,  in 

27,  100 
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HYDRAULIC  TEST  SYSTEM 


ENCLOSURE  B1 


TEST  SPECIMEN  DATA  SHEETS 


SCI  Specification  74-45 
Date: 


DATA  SHEET  NUMBER  I 
PART  NUMBER  1269381 


TEST  SPECIMEN  NUMBER: 

LINER  GEOMETRIC  DATA,  Paragraph  5.  I.  1 


Parameter 
Internal  Volume  (V  ) 
Weight  (W  ) 

Inside  Diameter  (D  ) 

iXj 

Thicknes  s  (t  ) 

Xj 

Outside  Diameter  (D  ) 


Expected 

Actual 

26,  850  in^ 

.  3 

in 

80.2  1b 

lb 

37,  1 5  in 

in 

0.  173  in 

in 

37.  50  in 

in 
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DATA  SHEET  NUMBER  2 


SCI  Specification  74-45 
Date: 


PART  NUMBER  1269382 
TEST  SPECIMEN  NUMBER: 


VESSEL  GEOMETRIC  DATA,  Paragraph  5.1.2 


Parameter 


Expected 


Internal  Volume  (V 

Vessel  Weight  (W^) 

Composite  Weight  (W^) 

Fiber  Weight  (W^) 

Inside  Diameter  (D^) 

Composite  Thickness  (t^) 

Outside  Diameter  (D  ) 

o 

Weight  Fraction  Resin  (P  ) 

®  wr 

Volume  Fraction  Filaments  (P  ,) 

vf 


26,  830  in 
148.4  lb 
68.  2  lb 
49.11b 
37.  14  in 
0. 31 0  in 
38. 11  in 
0.28 
0.  65 


Actual 

_ in 

_ _ lb 

_ lb 

_ lb 

_ ^in 

_ ^in 

in 
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DATA  SHEET  NUMBER  3 


SCI  Specification  74-45 
Date: 


PART  NUMBER  1269382 
TEST  SPECIMEN  NUMBER: 


VESSEL  SIZING  DATA, 

Parameter 

Paragraph  7.  2 

Expected 

Actual 

Test  Media 

Inhibited  Water 

Pressure  Rise  Rate 

2000  psi/min 

psi/ min 

Hold  Pressure 

500  psi 

psi 

Strain  (SG-1) 

0.  0010  in/ in 

in/in 

Strain  (SG-4) 

0.  0010  in/ in 

in /in 

Pressure  Rise  Rate 

2000  psi/min 

psi/min 

Hold  Pre  ssure 

1 000  psi 

psi 

Strain  (SG-1) 

0,  0020  in/ in 

in/in 

Strain  (SG-4) 

Oo  0020  in/ in 

in/ in 

Pressure  Rise  Rate 

2000  psi/min 

psi/min 

Hold  Pressure 

1 800  psi 

psi 

Strain  (SG-1) 

0.  0045  in/in 

in /in 

Strain  (SG-4) 

0„  0045  in/ in 

in/in 

Pressure  Rise  Rate 

1000  psi/min 

psi/ min 

Hold  Pressure 

2000  psi 

psi 

Strain  (SG-1) 

0. 0055  in/in 

in /in 

Strain  (SG-4) 

0.0055  in/in 

in/ in 

Pressure  Rise  Rate 

1000  psi/min 

psi/min 

Sizing  Pressure 

2714  psi 

psi 
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SCI  specification  74~45 
Date: 


DATA  SHEET  NUMBER  3  (cont) 
PART  NUMBER  1269382 
TEST  SPECIMEN  NUMBER: 


ENCLOSURE  B2 

EQUATIONS  FOR 

CALCULATION  OF  TEST  SPECIMEN 
GEOMETRIC  DATA 
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Average  Liner  Inside  Diameter 
Given 

Internal  Volume  (V^^) 

—  1/3 

D.^  =  (6V^  /  tt)  • 

iL  L 


Average  Liner  Thickness  (t  ) 


Given 


Liner  Weight  (W  ) 

Xj 


Density  Aluminum  (  p^) 
Boss  Weight 

Ws  =  Wl  -W^ 

Assume:  t  =  0.173 


Average  Liner  Outside  Diameter 


=  ■'iL  +  ^‘l 


ColhpSsite  Weight  (W^) 


Given 


Vessel  Weight  (W^  ) 


Wq  =  W^  -Wj^ 


Value  or  Source 
Para  2.  5 

© 

Value  or  Source 
Para  2.  5 

3 

0.  102  lb /in 
3.  0  lb 

"1 

Check 

^  0 

© 

Value  or  Source 
Para  2.  5 

© 
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Value  or  Source 


Vessel  Inside  Diameter  (D^) 


Given 


Vessel  Internal  Volume  (V  ) 

Para  2^  5 

Di  =  {6V^/tt 

^1/3 

© 

Resin  Weight  Fraction  (P,,,  ) 

Wr 

Given 

Value  or  Source 

Fiber  Weight  (W^) 

Para  2.  5 

Wr  c 

-  WJ/  W 
f  c 

© 

Fiber  Volume  Fraction  (Py£) 

Given 

Value  or  Source 

Fiber  S.  G.  (  ) 

1.  51 

Resin  S.  G.  (  p  ) 
r 

1.10 

Void  Content  (p  ) 
vv 

~  0 

P“.  =  p  (1-P  )  / 

vf  r  wr 

[^£  -  -  ^wr> 

(p^-p^)]  © 

Average  Composite  Thickness 

<‘c' 

Given 

Value  or  Source 

Ha 

Total  Single  Strand  Turns  (I]  N  ,N  ) 

/si 

Para  2.  5 

Boss  Diameter 

Fiber  Cross  Sectional  Area  (A  ) 

6.  25  in 

5.  38  X  10"“^  in^ 
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0.  310 


Assume:  t 

c 


D  =  D.  +  t  +  2t^ 
c  1  c  L 


t 

c 


^  A/a  -  —  2 

=  D  A,  S  N  N/  P  -  (D 
c  f  /  S  T  vf  c 


D^^/Z) 


1 

Check 


Average  Vessel  Outside  Diameter  (P^) 


D  =  D.  +  2t  ^  +  2t 

o  1  L  c 
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SCI  Specification  74-45 
5  April  1974 

STRUCTURAL  COMPOSITES  INDUSTRIES  INC. 

6344  NORTH  IRWINDALE  AVENUE  AZUSA,  CALIFORNIA  91702  (213)  334-8221 


ENCLOSURE  B3 


EXTENSOMETER  CALIBRATION  PROCEDURE 


CALIBRATION  PROCEDURE 


EXTENSOMETER 

LINEAR  DISPLACEMENT  TRANSDUCER 


1.  Set  up  the  extensometer  and  data  acquisition  equipment  in 
accordance  with  attached  figure. 

2.  Using  gauge  blocks  or  precision  ground  stock,  preload  an 
extensometer  0.  5 inches  relative  to  full  mechanical  stop: 
Record  preload  displacement  on  the  attached  da^ta  sheet, 

3.  Zero  recording  equipment  through  use  of  attenuator  and 
position  controls. 

4.  Use  gauge  blocks  or  precision  ground  stock  to  displace 
extensometer  arm  in  small  increments  to  expected 
circumferential  expansion  as  noted  in  Test  Procedure.  Adjust 
gain  and  balance  of  recorder  preamplifier  for  desired 
deflection  on  chart  read  out. 
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APPENDIX  C 


SCI  SPECIFICATION  73-17  FOR 
FABRICATION  OF  2219- T62  ALUMINUM  METAL  SHELL 
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1.0 


SCOPE 


1.1  This  specification  establishes  the  requirerrients  for  the  metal 

shell  assembly  {ZZ19  alloy)  per  SCI  Drawing  1269381  for  a  Filament  Reinforced 
(FR)  Pressure  Vessel  for  structural  test  evaluation.  Fabrication,  inspection, 
and  testing  procedures  related  to  fabrication  are  included  in  this  specification. 

2.  0  APPLICABLE  DOCUMENTS 

2.  1  Government  Documents 

Unless  otherwise  specified,  the  following  standards, of  the  issue 
in  effect  on  the  date  of  invitation  for  bids,  shall  form  a  part  of  this  specification 
to  the  extent  specified  herein: 

STANDARDS 

Military 

MIL-STD-453  -  Inspection,  Radiographic 

F  ederal 

Fed.  Test  Method  Std.  No.  151,  Metals;  Test  Methods 
2.  2  Other  Docurn^nts 

Unless  otherwise  specified,  the  following  documents,  of  the  issue 
in  effect  on  the  date  of  invitation  for  bids,  shall  form  a  part  of  this  specification  to 
the  extent  specified  herein: 

PUBLICATIONS 

Mi  1  i ta r y  Specification 

MIL-W-46132 

MIL-A-8920A- 

MIL-I-6866B 


Welding, Fusion, Electron  Beam 
Process  For 

1  Aluminum  Alloy  2219  Sheet 

and  Plate 

Inspection,  Penetrant,  Method 
of 
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Aerospace  Materials  Specifications 


AMS  4031  Aluminum  Alio/  ZZ19-0, 

Sheet  and  Plate 

AMS  419IA  Rod  and  Wire,  Welding, 

Aluminum  Alloy  Z319 

Z.3  Structural  Composites  Industries'  Documents 

Unless  otherwise  specified,  the  following  drawirgs  of  the  issue  in 
effect  on  the  date  of  invitation  for  bids,  forms  a  part  of  this  specification  to  the 
extent  specified  herein: 

DRAWINGS 

IZ6938I  ZZ19-T6Z  Aluminum  Sphere 

1Z6938Z  Kevlar  FR  Aluminum  Pressure 

Vessel 

Z.4  Boeing  Company  Documents 

Unless  otherwise  specified,  the  following  specifications,  of  the 
issue  in  effect  on  the  date  of  invitation  for  bids,  shall  form  a  part  of  this  specifica¬ 
tion  to  the  extent  specified  herein: 

SPECIFICATIONS 

BAC  560Z  Heat  Treatment  of  Aluminum 

Alloys 

BAC  5765  Cleaning  and  Deoxidizing 

Aluminum  Alloys 

BAC  5915  Radiographic  Inspection 

BAC  5935  Fusion  Welding  of  Aluminum 

Z.  5  This  specification  establishes  the  specific  requirements  for  all 

work  to  be  performed  during  ZZ19-T6Z  Aluminum  Sphere  assembly  manufacturing. 
Where  instances  occur  of  differences  in  requirements  between  this  specification 
and  the  applicable  documents  listed  herein,  this  specification  will  be  considered 
the  guiding  authority,  superceding  such  requirements  of  the  listed  sources. 

3.0  FA BRICA TION  PLAN  SUMMARY 


FigureC Idepicts  the  fabrication  plan  for  the  ZZ19-T6Z  Aluminum  Alloy 
Sphere  Asseimbly.  Specific  requirements  are  delineated  in  Sections  4.0,  5.0,  and 

6.0. 


4.  0 


REQUIREMENTS 


4.  1 


Materials 


.  .  .  Fabrication  of  the  metal  shell  assembly  shall  be  governed  by  the 

following  requirements;  ®  vcmeu  oy  me 


4.1.1  Component  Parts 


^  ,  ,  Components  of  the  assembly  consist  of  two  hemisoheres 

with  integral  boss  configuration,  initially  machined,  then  deep  drawn  from  alumi- 
num  alloy  2219,  condition  O,  plate  stock  conforming  to  Specification  AMS  4031. 

his  material  shall  be  furnished  by  the  government,  and  upon  receipt  shall  be 
visually,  and  dimensionally  inspected  for  compliance  with  AMS  4031.  All  sur¬ 
face  defects  which  will  be  eliminated  by  subsequent  processing  shall  be  noted 
as  such  and  shall  not  be  cause  for  rejection.  Formed  hemispheres  shall  be 
final  machined  prior  to  welding  into  a  serialized  part  number.  Care  shall  be 
excercised  to  insure  that  the  serial  number  shall  not  become  disassociated 
rom  the  part  at  any  stage  of  shell  assembly.  Written  records  identifying  these 

assembly  shall  be  maintained  and  delivered  to  SCI 
With  the  shell  assembly  and  test  coapons. 


4.1.2  Components,  Heat  Treatment 


4.  1 . 2.  1  ^_rti^_l  Annealing  Heads 


assemblies  shall  be  charged  into  a^°oveTpieVe«td”" bM'F 

for  Slat,  mlnmes  a„d  air  cooled  i„  accord^ce'wUh  BoeL;  Sp'iS.^.'rSc  5602 


4,1.3  Test  Coapons 

4.  1 . 3.  1  Parent  Metal 


mal  to  the  direction  of  rollmg  from^rch  helTof^S^^^^^^^ 

sections  are  made.  Specimen  configurations  and  disposition  shall  be  as  follows: 


Number  of 
Specimens 


Configuration 


Disposition 


Identification 


Four  initial  Fed,  Test  Method  Deliver  to  SCI 

samples  from  Std,No.l51,  at  time  of  ini- 

plate  stock.  Method  211.1,  tial  fabrication 

F2  Specimen  work. 


Serialize  hy  metal  stamping  one 
end  of  specimen. 


Four  witness  (As  above) 
samples  for 
each  sphere 
assembly. 


Heat  treat  with 
respective 
sphere  assem¬ 
bly,  deliver  to 
SCI. 


Serialize  with  respect  to  each 
metal  shell  assembly  by  metal 
stamping  on  one  end  of  specimen: 
maintain  records  relating  serial 
numbers  to  each  assembly. 


4.  1.3.  2  Weld  Metal 


Weld  tensile  test  coupons  shall  be  obtained  dar¬ 
ing  the  weld  schedule  development  effort  detailed  under  4.5.2,  with  disposition  as 
follows : 


Number  of 
Specimens 


Configuration  Disposition 


Four  initial 
specimens 
from  EB 
welding  of 
simulated 
joint  from 
flat  stock. 


Fed.  Test  Method  Deliver  to  SCI 


Std.  No.  151, 
Method  211.  1 , 
F2  Specimen 


for  verification 
testing  early  in 
weld  develop¬ 
ment  effort. 


Serialized  by  metal  stamping 
one  end  of  specimien. 


Four  specimens  Per  Figure 
from  full  scale 
girth  weld  simu¬ 
lation  joint. 


Deliver  to  SCI  Serialized  by  metal  stamping 
for  verification  one  end  of  specimen, 
testing  as  soon 
as  completed. 


Four  witness 
samples  for  each 
Sphere  assembly. 


Heat  treat  with 
respective 
sphere  assembly^ 
deliver  to  SCI. 


Serialize  with  respect  to  each 
metal  shell  assembly  by  metal 
stamping  on  one  end  of  specimen 
maintain  records  relating  serial 
numbers  to  each  assembly. 


4.  1.  3.  3  Test-Coupons  Disposition 

When  shell  assemblies  are  ready  for  the  final 
heat- treatment  operation  per  4,7,  the  four  each  parent  metal  and  weld  witness 
coupons  of  paragraphs  4.1.3.!  and  4.  1 .  3.  2  shall  accompany  each  shell  asscmbH 
through  the  entire  heat-treating  operation. 
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4.  1 . 3.  4  Post-Heat- Treat  Di s s it j^o n  of  Test 
Coupons 

Upon  completion  of  the  heat- treatment  operation, 
the  test  coupons  shall  remain  with  the  shell  assembly  they  represent  and  accompany 
it  on  its  delivery  to  Structural  Composites  Industries,  W^hen  tensile  specimens  are 
machined  from  the  coupons  and  tested  in  accordance  with  Fed.  Test  Method  Std. 

No.  151,  the  results  of  the  tests  for  both  parent  metal  and  weld  specimens  shall 
comply  with  the  following  values: 


Parent 

Metal 


Weld 

(94%  Efficiency) 


Ultimate  Tensile  Strength,  psi  54,  000  min 

Yield  Strength  (0. 2%  offset),  psi  36,000  min 


51 ,  000  min 
34,  000  min 


Elongation  in  2 -inch,  % 


7  min 


4,  2  Handling 

All  handling  of  the  shell  assembly  or  its  components  in  the  uncrated 
condition  shall  be  performed  using  maximum  care  because  of  the  susceptibility  of 
the  material  to  damage  daring  all  stages  of  fabrication.  Components  shall  be  kept 
in  suitable  protective  containers  except  when  they  are  being  worked. 

^  and  Machining 

fov  Ki,  V  f  forming  process  development,  dimensions  shall  be  recorded 

for  blank  starting  parameters  (such  as  thickness  profiles)  and  formed  shell  para- 
meters  These  data  shall  be  used  as  a  control  of  starting  blank  dimensions  used  for 
deliverable  hardware.  Prior  to  forming  blanks  to  make  deliverable  half-shells 
dimensions  of  blanks  shall  be  submitted  to  SCI  for  comparison  with  forming  develop¬ 
ment  program  data.  Machining  of  the  shell-assembly  components  shall  conform  toVe 
requirements  ot  the  SGI  Drawings  referenced  in  2.  s!  Aft^  final  machin^^g 
cleaning  snail  be  employed  to  insure  complete  freedom  from  machining  residue 

shavings  and  cuttings.  Cutting  tools  shall  be  maintained  at  proper  snarpness  to' 
prevent  burnishing  of  the  metal  surface.  ^  snarpness  to 

4.  4  Assembly  Procedures 

The  shell  shall  be  assembled  in  accordance  with  SCI  Drawing  1269381. 

4.  5  Welding  Requirements 

4.  5.  1  Welding  Method 


per  MIL-W-46132. 


Welding  of  girth  welds  shall  be  electron  beam  fusion  welding 
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4.  5.  2  Weld  Schedule  Development  and  Qualification 

Welders,  welding  equipment,  and  procedures  shall  be 
demonstrated  to  be  satisfactory  by  means  of  test  coupons  from  weld  blanks  similar 
to  the  configurations  of  the  joint  to  be  welded.  SCI  acceptance  of  representative 
girth  weld  schedules  developed  by  the  weld  source  shall  constitute  acceptance  of 
electron  beam  welding  operators  qualification  and  certification. 

In  addition  to  welding  -  simulated  joints  from  flat  stock,  for 
girth  weld  schedule  development  two  hemispheres  with  an  excess  prolongation  of 
material  at  the  diameter  of  the  girth  weld  shall  be  prepared  for  welding  as  a  typ¬ 
ical  metal  shell  girth  weld  and  welded  per  the  established  schedule  for  the  specific 
configuration.  The  specific  electron  beam  welding  parameters  of  established 
weld  schedule  and  tolerances  shall  be  documented  in  writing  and  submitted  to  SCI 
Quality  Control.  SCI  project  engineering  shall  witness  the  girth  weld  demonstra- 
tion( supplier  to  provide  notification  to  SCI)  and  the  weld  shall  be  inspected  per 
5.  3.  1  and  accepted  by  SCI  Quality  Control.  Following  inspection  and  acceptance, 
the  weld  shall  be  removed  as  a  ring,  salvaging  the  respective  hemisphere  shells 
for  remachining  to  the  applicable  drawing  and  use  as  deliverable  components  of 
an  assembly. 

The  removed  ring  shall  be  used  to  prepare  transverse  weld 
coupons  required  under  4.  1  .  3. 2;  four  specimens  will  be  heat  treated  and  tested  as 
specified  in  4.  1.3.2  and  4.  1 . 3 . 4  to  verify  compliance  with  requirements . 

Acceptance  by  SCI  of  the  welding  schedule  development  and 
qualification  task  of  4.  5.2  shall  be  in  writing  and  shall  be  considered  appropriate 
evidence  of  operator  certification  and  equipment  qualification  for  performing  the 
related  work  of  this  specification. 

4.  5.  3  Weld  Schedule  Approval 

The  weld  schedule  development  task  of  4.5,2  shall  be  com¬ 
pleted  and  accepted  by  SCI  Quality  Control  in  writing  prior  to  any  welding  on  deli¬ 
verable  parts.  All  welding  on  deliverable  hardware  shall  be  in  accordance  with  the 
documented  established  weld  schedule  of  4.  5,2. 

4.5.4  Cleaning 

Cleaning  shall  be  in  accordance  with  BAC  5765  and  MIL-W- 
46132.  The  use  of  dust  or  sand  blasting  is  prohibited. 

4.5.5  Weld  Beads 

Weld  bead  thickness  shall  be  uniform  and  shall  not  exceed 
the  height  indicated  on  SCI  Drawing  1269381.  Severe  sharpness  in  the  weld  con¬ 
tour,  such  as  may  contribute  to  a  "notch”  effect,  shall  be  removed  insofar  as  is 
possible,  provided  there  is  no  filing  into  the  parent  metal.  Other  weld  surface 
discontinuities  shall  be  dressed  as  required  to  provide  smooth  blending  with 
the  adjacent  parent  metal  surfaces. 


MHI 
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4.5.6  Mismatch 

Mismatch  in  the  weld  joints  shall  not  exceed  that  shown  on 

SCI  Drawing  1Z69381  . 

4.6  Weld  Repairs 

Weld  repairs  shall  be  performed  in  accordance  with  the  following 

requirements . 

4.6.  1  Permitted  Repair 

Repair  of  an  electron  beam  weld  may  be  performed  where 
practicable,  using  the  same  weld  schedule  originally  developed  for  the  respective 
weld.  This  repair  procedure  involves  no  removal  and  replacement  of  weld  mater¬ 
ial,  only  a  subsequent  fusion  of  material  in  place. 

4.  6.  Z  Repair  to  be  Authorized  by  SCI 

Weld  corrective  effort  considered  impracticable  to  be  per¬ 
formed  under  4.  6.  1  above,  or  unsuccessful  after  attempt  per  4.  6.  1  above,  may  be 
repaired,  subject  to  approval  by  SCI  in  writing  of  the  specific  repair  procedure, 
after  consideration  of  the  nature  and  location  of  the  defect  and  the  specific  proce¬ 
dure  proposed  to  correct  the  defect. 

4o6.3  Repair  of  Weld  Defects-Procedure 

The  following  repair  procedure  shall  be  performed. 

4«  6.  3,  1  Defect  Location 

Locate  defect  areas  from  the  radiographic  film 

or  dye -penetrant  inspection. 

4.  6.  3.  Z  Defect  Removal  Procedure 

If  there  is  no  surface  indication  of  the  defect, 
remove  the  weld  bead  in  progressive  stages  of  1/3Z  inch  in  depth.  Dye  penetrant 
inspect  the  weld  after  each  stage  of  metal  removal.  Proceed  in  this  manner  until 
the  defect  itself  has  been  located  and  removed. 

4.  6 .  3 . 3  Cleaning 

Prior  to  repair  welding,  the  groove  and  areas 
around  and  on  both  sides  of  the  groove  shall  be  cleaned  by  flushing  with  clean, 
uncontaminated  isopropyl  alcohol;  any  substitute  shall  be  subject  to  approval  be 

SCI.  This  operation  shall  be  follawed  by  thorough  brushing  with  a  clean  austenitic 
stainless  steel  wire  brush.  Do  not  wipe  the  cleaned  area  with  cloth  or  similar 
material. 


4.  6.  3. 4  Repair  Welding 

Weld  per  Boeing  Specification  BAG  5935  by 
manual  tungsten  inert  gas  welding  process  using  Type  Z319  weld  filler  rod. 

4. 6. 3. 4.1  Filler  Wire 

As  required,  filler  wire  shall  be 

Aluminum  Alloy  2319  in  accordance  with  Specification  AMS  4191A. 

4. 6. 3. 4.  2  Inert  Gas 

All  TIG  welding  operations  shall  be 
performed  with  inert  gas  backup®  Inert  gas  used  shall  be  argon. 

4.  6. 3. 4®  3  Inert  Gas  Purge  for  TIG  Welding 

Prior  to  TIG  welding  the  root  side 
of  the  weld  shall  be  purged  for  a  minimum  period  of  three  (3)  minutes  to  insure 
the  exclusion  of  ambient  air.  During  welding  the  gas  flow  rate  shall  be  maintained 
at  3  to  5  cubic  feet  per  hour®  If  the  gas  flow  is  interupted  during  welding,  the 
welding  operation  shall  be  discontinued.  The  root  side  of  the  weld  shall  be  repurged 
prior  to  resuming  the  welding  operation. 

4. 6. 3. 5  Records 

Records  shall  be  maintained  by  the  supplier  and 
included  in  the  log  for  each  metal  shell  assembly.  Such  records  shall  indicate 
location,  nature,  repair  conducted,  number  of  repairs  conducted,  and  inspection 

results . 

4.6.4  Repair  of  Welds  on  Age-Hardened  Material 

Weld  repairs  shall  not  be  permitted  on  articles  which  have 
undergone  solution  heat  treatment  and/or  aging. 

4.7  Heat  Treatment  Operations 

The  welded  shell  assembly  shall  be  solutionheat  treated  and  aged  in 
accordance  with  Boeing  Specification  BAG  5602  and  the  following  procedure: 

4.7.1  Solution  Heat  Treatment 

Gharge  the  shell  assembly  into  a  furnace  or  salt  bath 
previously  heated  to  995°  F  and  soak  the  shell  assembly  at  a  temperature  of  985 
1005°  F  for  a  period  of  four  (4)  hours.  Quench  in  water  as  required  by  Boeing 
Specification  BAG  5602. 
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4.7,Z  Precipitation  Treatment 


Hold  shell  assembly  at  room  temperature  for  96  hours  to 

obtain  condition  -  T42. 

4.7.3  Additional  Precipitation  (Aging)  Treatment 

Charge  the  shell  assembly  into  a  furnace  previously  heated 
to  375°  F  and  soak  the  shell  assembly  at  a  temperature  of  365  -  385°  F  for  a  period  of 
36  hours  to  obtain  condition  -  T62. 

4.8  Identification  of  Component  Parts  and  Shell  Assembly 

The  shell  assembly  shall  be  assigned  serial  numbers  SI,  S2,  S3, 
etc.  ,  which  shall  be  marked  by  vibratory  pencil  on  the  external  side  of  the  boss 
neck  as  indicated  on  the  SCI  Drawings.  The  serial  number  shall  relate  to  the 
supplier’s  fabrication,  heat  treatment,  and  inspection  records  which  shall  be 
incorporated  into  a  log  book  accompanying  each  assembly  upon  delivery  to  SCI. 

Non-permanent  marking  on  the  parts  and  assemblies,  such  as 
part  number,  serial  number,  weld  identification,  and  in-process  serialization 
shall  be  made  on  suitable  areas  using  felt  marking  pen,  waterproof  type,  or 
equivalent. 

4.  9  Workmanship 

The  shell  assembly,  including  all  component  parts,  shall  be 
fabricated,  heat-treated,  finished,  and  tested  in  a  thoroughly  workmanlike  manner. 
Particular  attention  shall  be  given  to  neatness  and  thoroughness  in  the  forming  and 
welding  of  the  component  parts. 

5.0  QUALITY  ASSURANCE  PROVISIONS 

^  Responsibility 

The  supplier  shall  be  responsible  for  the  fabrication,  heat  treat¬ 
ment,  and  inspection  of  the  shell  assembly  in  accordance  with  all  of  the  require¬ 
ments,  reference  documents,  and  procedures  of  this  specification.  No  deviation 
from  fabrication,  heat  treatment,  inspection  and  testing  requirements,  and 
procedures  of  this  specification  shall  be  allowed  except  in  the  form  of  an  amendment 
to  this  specification  or  to  the  purchase  order.  Test  data,  letters  of  conformance,  and 
other  pertinent  information  affecting  shell  fabrication  shall  be  forwarded  without 
delay  to  the  cognizant  Structural  Composites  project  engineer  and  Structural  Com¬ 
posites  inspection  department. 

5,1.1  Acceptance  Criteria 

Acceptance  of  the  shell  assembly  shall  be  based  upon  com¬ 
pliance  with  the  requirements  herein  as  verified  by  a  series  of  in-process  acceptance 
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tests  (see  5.3)  and  final  inspection  (see  5.4)  of  the  finished  product.  Detailed 
inspection  records  shall  be  maintained  to  insure  that  all  requirements  of  this 
specification  have  been  met. 

5.1.2  Cognizant  SCI  Personnel 

As  required,  Structural  Composites  Industries,  Inc., 
personnel,  such  as  the  project  engineer,  welding  engineer,  metallurgical  engineer, 
stress  engineer,  inspector,  etc.,  shall  be  permitted  to  observe  those  phases  of 
work  at  their  discretion. 


5.2 


Dimensional  Inspection 


Maintaining  dimensional  and  other  requirements  of  the  components 
and  assemblies,  as  required  by  SCI  Drawing  1269381  is  of  prime  importance  and 
will  be  thoroughly  inspected  by  SCI  Quality  Control  upon  receipt  of  the  units.  Dimen¬ 
sional  inspections  shall  be  oo  nducted  daring  fabrication  of  the  components  and 
assemblies  to  insure  meeting  the  SCI  Drawing  requirements,  and  submitted  with 
each  shell  assembly  in  its  log  book.  The  supplier  shall  submit  to  SCI  Quality 
Control  his  in-process  and  final  assembly  dimensional  inspection  plan  and  standard 
forms  for  recording  these  data  for  approval  before  initiating  metal  shell  assembly 
operations . 


5.  3 


In-Process  Acceptance  Inspection 


All  requirements  of  this  specification  shall  be  assured  through 
inspection.  Inspection  tests  shall  be  performed  in  accordance  with  the  require¬ 
ments  specified  herein . 

5.3.1  Inspection  During  Assembly 
5.  3.  1.1  Weld  Inspection 

All  joints  shall  be  visually  inspected  for  cona- 
pliance  with  the  requirements  of  4.5  and  the  applicable  drawings,  and  shall  be 
inspected  in  accordance  with  the  following: 

5 .  3  .  1 .  1 .  1  Dye  -  Penetrant  Inspection 

Dye-penetrant  inspection  in  accordance 
with  MIL-I-6866,  Type  II,  Method  A  shall  be  performed  on  all  welds.  After  inspec¬ 
tion,  welds  shall  be  cleaned  thoroughly,  and  the  welded  surface  and  adjacent  area 
brushed  with  a  stainless  steel  wire  brush.  The  welds  and  heat-affected  zones  shall 
be  free  of  external  cracks  or  propagating  defects. 
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5.  3,  1 .  1 . 2  Radiographic  Inspection 


Radiographic  inspection  shall  be 

performed  on  all  welds  in  accordance  with  Boeing  Specification  BAG  5915.  Radio¬ 
graphs  shall  be  subject  to  final  interpretation  and  acceptance  by  designated  SCI 
quality  control  and  project  representatives.  Radiographic  film  shall  be  numbered 
to  coincide  with  the  identification  markings  of  the  shell  assembly.  Felt-tip-ink 
pen  shall  be  used  for  marking  weld  identifications  on  parts  so  that  the  exact  location 
of  weld  areas  with  corresponding  radiographs  may  be  easily  identified.  All  radio- 
graphic  film  shall  become  the  property  of  SCIJMI  welds  shall  meet  the  requirements 
of  Boeing  Specification  5935,  Class  A,  Tables  XI  and  XII,  with  the  following  addition 
al  acceptance  criteria: 


a.  Porosity  smaller  than  .  005  inches  diameter  shall  be 
considered  fine  porosity  and  not  be  considered  a 
defect. 

b.  Aligned  fine  porosity  shall  be  subject  for  acceptance 
per  Note  8  of  Table  XI  and/  or  Table  XII  of  BAC  5935 
and  shall  not  be  considered  as  aligned  defects  under 
Note  7  of  Table  XI. 

c  .  Aligned  defects  (4  or  more)  shall  not  be  accepted  when  the 

spacing  between  each  of  the  four  or  more  defects  in  line 
is  less  than  three  times  the  longest  distance  of  the 
smallest  defect. 

5.  3. 2  Inspection  of  Shell  Assembly  Prior  to  Heat 
Treatment 

The  shell  assembly  shall  be  free  of  oil,  grease,  paper,  or 
any  type  of  carbonaceous  material  prior  to  heat  treatment. 

5.  3. 3  Inspection  of  Shell  Assembly  After  Heat 
Treatment 

5.  3.  3.1  Test  Coupons 

After  heat  treatment  of  the  shell  assembly,  the 
test  coupons  may  be  tested  by  Structural  Composites  Industries,  Inc.  ,  to  verify 
compliance  with  4.  1 . 3. 4. 


5.  3. 3.  1.1  Basis  for  Rejection 

Failure  to  meet  the  tensile-test 
requirements  of  4.  1.3.4  shall  be  the  basis  for  rejection. 
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Final  Inspection 


The  completed  shell  assembly  shall  be  subjected  to  surface  in¬ 
spection,  with  visual  examination  for  imperfections  and  finish.  Fissures  or  other 
defects  that  are  likely  to  weaken  strength  or  reduce  ductility  of  the  pressure  ves¬ 
sel  are  not  permitted  and  shall  be  cause  for  rejection.  The  parent  metal  macro¬ 
structure  shall  exhibit  uniform  grain  flow  and  uniformly  fine-grain  size  as  revealed 
by  lightly  macroetching  locations  on  the  finished  vessel  subjected  to  the  most  severe 
deformation  and  temperature  during  fabrication.  The  surface  shall  be  such  that  the 
removal  of  scratches  or  other  surface  imperfections  shall  not  reduce  the  thickness 
of  the  metal  below  the  minimum  specified  on  the  drawing.  A  reasonably  smooth 
and  uniform  surface  finish  is  required.  Inspection  of  workmanship  shall  conform 
to  4.9.  Measurements  of  dimensions  (with  attention  to  SCI  drawing  tolerances) 
shall  be  included  in  this  inspection. 

6,  0  PREPARATION  FOR  DELIVERY 

6,  1  Packing 

The  shell  assembly  shall  be  crated  and  firmly  supported  to  avoid 
damage  daring  shipping. 

6 .  Z  Log  Book 

A  log  book  shall  be  assembled  incorporating  all  in-process  fabri¬ 
cation  and  inspection  data  required  by  this  specification,  as  well  as  other  perti¬ 
nent  information  as  may  be  required  or  desirable  to  fully  document  each  deliverable 
part. 

7.0  NOTES 

7 «  1  Intended  Use 

This  metal-shell  assembly  will  be  used  for  filament- reinforced- 
metallic  tankage  for  storage  of  pressurized  fluids. 
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FIGUREci  :  22I9-T62  ALUMINUM  SPHERE  FABRICAT'ION  PLAN 
SHEET  I  -  HALF  SHELL  FABRICATION 


237 


FIGURE  ci:  2219-762  ALUMINUM  SPHERE  FAB[?ICATION  PLAN 
SHEET  2  -  ASSEMBLY  FABRICATION 


APPENDIX  D 


KEVLAR*FR  2219  ALUMINUM  PRESSURE  VESSEL 
FABRICATION  PROCESS  SPECIFICATION 


*  Kevlar-49  Roving  was  formerly  designated  as  PRD-49-III  Roving 
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ISSUED  BY 


PROCESS  CONTROL  RECORD 


FIGURE  D 1 :  MATERIAL  TRACEABILITY 

Part  No, _ 1269382-1 _  Date  Started _ 

Part  Name  F/W  Pressure  Vessel _ W.O.  No, _ 2003- _ 

Serial  No. _ Shop  Order  No.  1269382-1 


Operation 

No,  _ Description  of  Data  Required _ Inspector 

0103  Record  traceability  data  of  the  following: 

Mfg,  Lot  No.  Accept,  Tag  No. 

1,  PRD  Roving,  4-End, 

Type  III 

2,  Epoxy  Resin,  DER  332  _ _ 

3,  Hardener,  Epicure  855  _ _ 

0203-1  Record  traceability  data  of  aluminum  liner  assembly,  P/N  1269381-1 
Accept  Tag  No. _ S/N _ 
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Sheet  1  of  2 


PROCESS  CONTROL  RECORD 
FIGURE  D2:  DIMENSION/VEIGHT  RECORD 

Part  No. _ 1269  382-1 _ Date  Started _ 

Part  Name  F/W  Pressure  Vessel  W.O.  No.  2003-  _ 

Serial  No. _ Machine  Operator _ 


Operation  No. 

0203-2 

0603-7 

Vessel  Length  = 

Before  W rap 

inch 

After  Cure 

inch 

Diameters 

De  = 

inch 

inch 

Dp  = 

inch 

inch 

D45  = 

inch 

inch 

Vessel  Weight  = 

lbs 

_  LBS. 

Internal  Volume  = 

3 

in 

.  3 

in 

(See  Sheet  2) 
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Sheet  2  of  2 


PROCESS  CONTROL  RECORD  (cont.  ) 
FIGURE  D2:  PIMENSION/ WEIGHT  RECORD 


Internal  Volume  Calculations 


A.  Dry  Weight  (w/Tare) 

B.  Filled  Weight  (w/Tare) 

C.  Subtract  B-A=W 

D.  Water  Temperature 

E.  Specific  Gravity  (SG)* 

F.  Calculated  Volume  (V)** 


Before 

After 

Wrap 

Cure 

lbs . 

_ ^Ibs, 

__lbs. 

lbs. 

lbs. 

lbs. 

I°F 

_  2 

in 

^  2 
in 

TABLE  OF  SPECIFIC 

GRAVITY 

(SG)  vs. 

TEMPERATURE 

°c 

°F 

SG 

°C 

°F 

SG 

17 

62.  6 

. 99880 

25 

77.  0 

. 99707 

18 

64.  4 

. 99862 

26 

78.  8 

.  99681 

19 

66.  2 

. 99843 

27 

80.  6 

. 99654 

20 

68.  0 

. 99823 

28 

82.4 

. 99626 

21 

69.  8 

. 99802 

29 

84.  2 

.  99597 

22 

71.  6 

. 99780 

30 

86.  0 

.  99567 

23 

73.  4 

. 99756 

31 

87.  8 

.  99537 

24 

75.  2 

. 99732 

32 

89.  6 

.  99505 

'i'^i'Calculated  Volume 

27.  68W 

V=  - 

SG 
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PROCESS  CONTROL  RECORD 


.FIGURE  D3;  MATERIAL  USAGE  RECORD 


Part  No.  1269382-1 


Date  Started 


Part  Name  F/W  Pressure  Vessel  W.O.  No,  2003- 


Serial  No. 


Shop  Order  No.  1269382-1 


Operation 

No. 


0203-6 


Description  of  Data  Required 


Record  PRD  roving  usage 


Inspector 


Brake  TRoII 


Weight,  gm  [ _ 

Start  I  End  I  U sage 


. 


11  I 

- - 


. . t 


0403-14 


Total  Usage: 
Scrap _ 


Net  Usage: 


, PROCESS  CONTROL  RECORD 


FIGURE  D5:  .WINDING  PATTERN 

Part  No.  1269382-1 _ Date  Started _ 

Part  Narae  F /W  Pressure  Vessel _ W.O,  No.  2003- _ 

Serial  No^ _ Shop  Order  No.  126938Z-1 

Machine  Operator _ 

Twelve  Strand  Pattern  Except  as  Noted 


Step 

Degree 

Setting 

Machine 

Payoff  Arm 
Setting 

TURNS 

No, 

Setting 

RPM 

Req’d.  Actual 

1 

12.  0 

7663 

12. 900 

8 

74 

2 

15.  5 

7660 

12. 025 

i 

i 

73 

3 

22.  0 

7642 

10.150 

1 

1 

70 

4 

28.  5 

7631 

8.  350 

66 

35.  0 

7620 

6.  600 

1 

[ 

62 

6 

41. 5 

7595 

5.225 

1 

57 

7 

48.  0 

75  60 

3. 800 

51 

8 

54.  5 

7517 

2.  500 

44 

9 

61. 0 

7455 

1  .350 

37 

10 

67.  5 

7337 

0.475 

29 

11 

74.0 

7150 

1.100  J 

21 

12 

79.5 

7085 

•775  \ 

19 

13 

79.5 

7085 

.775  /  '  ' 

19 

14 

74.0 

7150 

1.100  ) 

21 

15 

67.  5 

7337 

0.475 

29 

16 

61. 0 

7455 

1 . 350 

37 

17 

54.  5 

7517 

2.  500 

44 

18 

48.  0 

7560 

3.800 

51 

19 

41. 5 

7595 

5.225 

57 

20 

35.  0 

7620 

6.  600 

i 

62 

21 

28.  5 

7631 

8.350 

j 

66 

22 

22.  0 

7642 

10.150 

70 

23 

15.  5 

7660 

12. 025 

1 

j 

I 

li 

24 

12.  0 

7663 

12. 900 

► 

74 

❖  25 

11. '0 

7765 

14.000 

8 

148 

*Six  -  Strand  Pattern 

'I'"!'  -  Setting  are  with  payoff  head  stock 
all  the  way  up . 
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TEST  PROCEDURE  * 
KEVLAR  FIBER  REINFORCED 
METAL  SPHERES 
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February  1974 
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Prepared  by 
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Presentation  of  this  procedure  in  S.  I.  units  would  reduce  the  clarity 
of  this  Appendix.  The  procedure  is  presented  in  the  original  form  as 
written  by  the  author. 
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1.0 


SCOPE 


1.1  The  purpose  of  this  test  procedure  is  to  present  the  detailed 
test  methods,  conditions,  and  equipment  to  be  used  for  demon 
strating  the  performance  of  spheric ai''PRD  Fiber-R.einforced 
(PRD  FR)  metal  pressure  vessels. 

1.2  In  the  event  of  conflict  between  this  procedure  and  any  other 
procedure  or  document,  this  procedure  shall  govern. 


Kevlar-49  Roving  was  formerly  designated  PRD-49-III  Roving 


Z .  0  REFERENCE  DOCUMENTS 

NOTE:  Latest  changes  apply  to  all  documents. 

Z.  1  Structural  Composites  Industries  Documents  as  follows; 

Z.  1.  1  Drawing  Number  iZ6938Z-l,  titled:  Pressure  Vessel 

PRD-FR  ZZ19  Aluminum  Sphere 

Z.  1.  Z  Drawing  Number  1Z69381-  1,  titled:  Liner  Assembly  ZZ19- 

T6Z  Aluminum  Sphere 

Z.  1.3  Drawing  Number  T- 1400138,  titled:  Test  Plate 

Z.  1.  4  Sizing  Test  Procedure,  SCI  Specification  74-45 

Z.  1.  5  Drawing  Number  T-1400Z64,  titled:  Tie-Rod 

Z.  1.  6  Drawing  SK-75-001,  titled:  Tie-Rod  Assembly 

Z.  Z  ARDE  Incorporated  Documents  as  follows: 

Z.  Z.  1  Drawing  Number  D3898  ,  titled:  Pressure  Vessel  PRD 

FR  301  Stainless  Steel  Sphere 

2.  Z.  Z  Drawing  Number  D3895  ,  titled:  Arde  form  301  Stainless 

Steel  Liner 

Z.  3  Military  Specification  Number  MIL- T-Z5363C,  titled:  Tank, 

Pneumatic  Pressure,  Aircraft,  Glass  Fiber. 

Z.4  NASA  Technical  Memorandum  TMX-52454,  titled:  Hydrogen 

Safety  Manual  (issued  by  Lewis  Research  Center,  Cleveland 
Ohio) . 
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DESCRIPTION  OF  TEST  SPECIMENS 


The  test  specimens  are  six  (6)  pressure  vessels  each  of  two 
(2)  different  designs  as  follows; 

Specimen  Serial  Numbers  S-1  through  S-6  are  38.0-inch- 
diameter  PRD  FR  Aluminum  Spheres  fabricated  as  SCI 
Part  Number  1269382-1  and  pressure  sized  according  to 
SCI  Specification  74-45. 

Specimen  Serial  Numbers  001  through  006  are  25.0-inch- 
diameter  PRD  FR  Stainless  Steel  Spheres  fabricated  as 
ARDE  Part  Number  D3898  and  cryogenically  pressure 
sized  according  to  ARDE  Specifications. 

Each  test  specimen  will  be  supplied  with  four  (4)  strain  gage 
rosettes  bonded  to  the  external  surface  of  the  vessel. 


4.  0 

SEQUENCE  OF  TESTING 

4.  1 

The  test  specimens  shall  be  subjected  to  Performance 
Demonstration  Tests  in  accordance  with  Table  El  of  this 
test  procedure  after  Sizing  Tests  have  been  performed. 

4.  2 

The  test  requirements  for  each  test,  and  the  test  pro¬ 
cedures  to  be  used,  are  presented  in  Paragraph  7.  0  of 
this  test  procedure. 

4.  3 

The  Sizing  Test  Procedures  are  defined  in  the  documents 
of  Paragraphs  2.  1.4  for  the  S  series  vessels  and  by 

ARDE  Specifications  for  the  OOx  series  vessels 
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5.  0 

TEST  CONDITIONS  AND  EQUIPMENT 

5.  1 

Ambient  Conditions 

5.  1.  1 

Unless  otherwise  specified  herein,  all  tests  required  by 
this  procedure  shall  be  performed  with  the  test  specimens 
at  standard  laboratory  conditons;  defined  as  a  temperature 
between  60^  and  SO^F,  a  relative  humidity  of  less  than  85%, 
and  a  barometric  pressure  between  27.  9  and  31.  9  inches  of 
Mecury  absolute. 

5.  2 

Primary  Instrumentation 

5.  2.  1 

The  primary  test  instrumentation,  as  a  minimum,  shall  con¬ 
sist  of  sensors,  transducers,  signal  conditioning  equipment, 
and  recording  equipment  for  recording  the  following  spec¬ 
imen  test  parameters  within  the  indicated  tolerance  range  : 

Pressure  ^f  indication 

Strain/ Displacement  +  0.  5%  of  indication 

5.  2.  2. 

Quantity  and  location  of  sensors  shall  be  as  defined  in  Figure 
El. 

5.  2.  3 

Deleted 

5.  3 

Equipment  Log  and  Calibration 

5.  3.  1 

A  test  equipment  log  shall  be  maintained  during  the  test  pro¬ 
gram  described  in  this  test  procedure.  The  test  equipment 
log  shall  state  equipment  description,  manufacturer,  range, 
accuracy,  and  calibration  date  (where  applicable). 

5.  3.  2 

All  test  equipment  used  shall  conform  to  applicable  standards 
with  regard  to  appropriateness,  accuracy,  and  calibration 
interval. 

5.  3.  3 

Each  item  of  test  equipment  shall  be  checked  prior  to  use  to 
insure  that  the  instrument  has  been  calibrated  (if  applicable) 
according  to  its  specified  schedule  and  that  the  instrument  is 
functioning  within  the  accuracy  range  required. 
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5.3.4 


ALL  pressure  transducers  shall  be  laboratory  calibrated  at 
90  day  intervals  or  sooner  as  required.  The  instrumentation 
systems  shall  be  calibrated  by  closed  loop  pressurization 
to  the  vaLues  of  Table  Eli  prior  to  each  test. 

5,  3.  5  ALL  extensometers  shall  be  calibrated  in  place  on  the  vessel 

prior  to  test  using  the  expected  deflection  ranges  of  Table 
Eli. 

5.3.  6  ALL  strain  ga.ge  rosettes  shall  be  individually  shunt  calibrated 

over  the  strain  ranges  of  Table  Eli  prior  to  each  test. 

5.  3.  7  All  calibration  information  shall  be  maintained  on  file  in  the 

Quality  Control  Department  and  shall  be  available  for  in¬ 
spection  by  cognizant  SCI  and  NASA  personnel. 
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6.  0 
6.  1 
6.  1.  1 


6.  2 
6.  2.  1 


6.  3 
6.  3.  1 

6.  3.  2 
6.  3.  3 

6.  3.  3.  1 

6.  3.  3.  2 

6.  3.  3.  3 


TEST  ADMINISTRATION  AND  DATA 
Program  Management 

The  overall  conduct  of  the  test  program  shall  be  coordinated 
between  the  cognizant  project  engineer  and  the  test  engineer. 
All  questions,  problems  and  other  matters  of  a  technical 
nature  shall  be  directed  to  the  cognizant  project  engineer 
or  his  representative. 

Test  Witnessing 

Testing  shall  be  witnessed  by  the  cognizant  project  engineer 
who  shall  be  present  to  perform  any  required  operational 
checks  during  the  test  program.  The  cognizant  project 
engineer  may  elect  to  waive  witnessing  requirements,  but  in 
any  event,  he  shall  be  notified  prior  to  the  beginning  of  any 
test. 

Test  Data 


During  the  test  program,  complete  data  sheets  shall  be  main¬ 
tained  documenting  the  test  progress  to  that  point. 

Deleted. 

Raw  data  acquisition  shall  consist  of  permanent  records  of 
pressure  versus  time  and  extensometer /  strain  gage  output 
versus  time  for  all  sensors  of  Paragraph  5.  2.  2. 

For  burst  tests,  data  shall  be  recorded  continuously  as  the 
vessel  is  pressurized  to  failure. 

For  cyclic  fatigue  tests,  data  shall  be  recorded  for  the  first, 
10th,  50th,  100th,  500th,  and  each  additional  500th  pressure 
cycle  concluding  with  a  record  of  the  final  pressure  cycle. 

For  sustained  load  tests,  data  shall  be  recorded  for  the  initial 
pressurization  cycle,  the  final  depressurization  cycle,  and 
(as  a  minimum)  at  time  intervals  of  ^  2  hours.  Any  ob¬ 
served  pressure  decay  shall  be  recorded  prior  to  a  system 
adjustment. 
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Data  reduction  shall  consist  of  reducing  the  raw  data  of  Para¬ 
graph  6.3.3  to  plots  of  pressure  versus  strain  for  all  sensors 
of  Paragraph  5.  2.  2  for  each  specific  test. 


7.0  TEST  REQUIREMENTS  AND  PROCEDURES 


7. 1  Hydraulic  Burst  Test 

A 

7.1.1  Deleted. 


7. 1.2 

7.  1.3 


7. 1.4 


7.1.5 


7. 1.  6 


Instrumentation  shall  be  installed  per  Figure  El 
and  calibrated  per  Paragraph  5.3. 

"O”  Rings  and  Backup  rings  shall  be  installed 
on  each  test  plate,  T-1400138,  and  the  test 
plates  secured  to  the  vessel  bosses.  The  test 
plates  shall  be  coupled  together  with  the  tie- rod, 
T-1400264,  per  SK-75-001.  This  operation  shall 
apply  to  the  test  specimens  of  Paragraph  3.  1.  1 
only. 

A  pretest  leak  check  of  all  fittings  and  equip¬ 
ment  shall  be  performed  on  the  pressurization 
system  adjusted  to  a  dead-end  condition.  The 
test  specimen  shall  be  isolated  from  the  system 
during  the  leak  test. 

The  test  specimen,  filled  with  inhibited  water 
and  bled  of  all  entrapped  air,  shall  be  installed 
in  a  hydraulic  test  system  as  illustrated  in 
Figure  E2. 

Fluid  pressure  in  the  test  specimen  shall  be  in¬ 
creased  to  the  expected  burst  pre ssure  (EBP) 
at  pressurization  rate  defined  on  Data  Sheet 
Numbe  r  1 . 


7.  1.  7  The  pressure  shall  be  maintained  at  the  EBP 

.  value  for  three  (3)  minutes  and  subsequently 
increased  at  a  rate  per  Data  Sheet  Number  1 
until  specimen  failure  occurs. 

7.1.  8  All  test  data  obtained  during  the  burst  test  shall 

be  recorded  on  Data  Sheet  Number  1. 
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7. 1. 9 


Data  Sheet  Number  1,  and  the  additional  raw  data 
of  Paragraph  6.  3,shall  be  maintained  on  file  in  the 
Quality  Control  Department. 


7.2.  1 


7.2.2 


7.  2.  3 


7.  2.  4 


7.2.5 


7.2.  6 


Pneumatic  Burst  Test 

The  high  speed  motion  picture  camera  shall  be 
located,  set  up,  and  checked  out  prior  to  ini¬ 
tiation  of  test. 

Instrumentation  shall  be  installed  per  Figure  El 
and  calibrated  per  Paragraph  5.3. 

"O”  Rings  and  Backup  rings  shall  be  installed 
on  each  test  plate,  T -14001 38,  and  the  test 
plates  secured  to  the  test  specimen.  The  test  plates 
shall  be  coupled  tog^e the r  with  the  tie-rod, 

T- 1400264,  per  SK-75-001.  This  operation  shall 
apply  to  the  test  specimens  of  Paragraph  3.  1.  1 
only.  I 

A  pretest  leak  check  of  all  fittings  and  equipment 
shall  be  performed  on  the  pressurization  system 
adjusted  to  a  dead-end  condition.  The  test  spec¬ 
imen  shall  be  isolated  from  the  system  during 
the  leak  test. 

The  test  specimen  shall  be  installed  in  a  pneu¬ 
matic  test  system  as  illustrated  in  Figure  E3. 

The  test  specimen  shall  be  pressurized  with 
gaseous  nitrogen  per  MIL-P-27401,  at  the  pres¬ 
sure  rate  defined  on  Data  Sheet  Number  2,  until 
specimen  failure  occurs.  Fluid  temperature 
shall  not  exceed  1  d09F  during  this  test. 
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7.  2.  7  All  test  data  obtained  during  the  burst  test  shall 

be  recorded  on  Data  Sheet  Number  2. 

7.  2,  8  Data.  Sheet  Number  2,  and  the  additional  raw  data  of 

Paragraph  6.  3  shall  be  maintained  on  file  in  the  . 
Quality  Control  Department. 

7.3 
7.  3.  1 

7.  3.  2  "0”Rings  and  Backup  rings  shall  be  installed  on 

each  test  plate,  T-1400138,  and  the  test  plates 
secured  to  the  vessel  bosses  .  The  test  plates 
shall  be  coupled  together  with  the  tie-rod, 

T- 1400264,  per  SK-75-001.  This  operation  shall 

apply  to  the  test  specimens  of  Paragraph  3.  1.  1 
only. 

7.  3.  3  A  pretest  leak  check  of  all  fittings  and  equip¬ 

ment  shall  be  performed  on  the  pressurization 
system  adjusted  to  a  dead-end  condition.  The 
test  specimen  shall  be  isolated  from  the  system 
during  the  leak  test. 

The  test  specimen,  filled  with  hydraulic  fluid 
per  MIL  H-5  60  6-C  and  bled  of  all  entrapped  air, 
shall  be  installed  in  a  hydraulic  pressure  cycle 
test  system  as  illustrated  in  Figure  E4. 

The  test  specimen  shall  be  subjected  to  1600 
operating  pressure  cycles  at  a  rate  of  1  to  2 
cycles  per  minute.  Each  pressure  cycle  shall 
consist  of  the  following: 

7.  3,  5. 1  Increase  the  test  specimen  pressure  to  the 

mean  operating  pressure  (MOP)  _+  50  psig  and 
hold  for  10  seconds. 

7.  3.5.2  Decrease  the  test  specimen  pressure  to  50  psig 

or  less. 


7.  3.4 


7.3.5 


Cyclic  Fatigue  Test 


Instrumentation  shall  be  installed  per  Figure  El 
and  calibrated  per  Paragraph  5.  3. 


7.  3.  5.3 


7.  3.6 


7.  3.7 


7.4 


7.  4. 1 


7.  4.  2 


7.  4.3 


7.  4.  4 


7.  4.  5 


7.4.  6 


The  test  shall  be  terminated  if  the  test  spec¬ 
imen  exhibits  signs  of  leakage  or  rupture  prior 
to  completion  of  the  1600  pressure  cycles. 

The  test  specimen  shall  be  visually  inspected 
for  damage  and  these  observations,  including 
all  test  data,  recorded  on  Data  Sheet  Number 

3. 

Data  Sheet  Number  3  and  the  additional  raw  data 
of  Paragraph  6,  3  shall  be  maintained  on  file  in 
the  Quality  Control  Department. 


Hydraxilic  Sustained  Load  Test 

Instrumentation  shall  be  installed  per  Figure  El 
and  calibrated  per  Paragraph  5.  3, 

A  pretest  leak  check  of  all  fittings  and  equip¬ 
ment  shall  be  performed  on  the  pressurization 
system  adjusted  to  a  dead-end  condition.  The 
test  specimen  shall  be  isolated  from  the  system 
during  the  leak  test. 

The  test  specimen,  filled  with  inhibited  water 
and  bled  of  all  entrapped  air,  shall  be  installed 
in  a  hydraulic  test  system  as  illustrated  in 
Figure  E2. 

Fluid  pressure  in  the  test  specimen  shall  be 
increased,  at  the  rate  defined  on  Data  Sheet 
Number  4,  to  the  mean  operating  pressure 
{MOP)  50  psig  and  the  load/ vent  valves 
locked  in  the  closed  position. 

Pressure  in  the  test  specimen  shall  be  main¬ 
tained  at  the  MOP  value  for  a  minimum  period 
of  96  hours.  Any  pressure  decay  during  the 
period  shall  first  be  recorded  per  6.  3.  3.  3  and 
tnen  adjusted  to  the  MOP  value*. 

After  completion  of  the  96  hour  period,  pres¬ 
sure  in  the  test  specimen  shall  be  decreased 
to  zero  at  a  rate  defined  in  Data  Sheet  Number 
4.  The  test  specimen  shall  bp  visually  in - 
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7.  4.  7 


7.  4.  8 


7.4.9 


7,5 


7.5,  1 


7.  5,  2 


7.5.3 


7.5.  4 


7.5.5 


spected  for  damage  and  these  observations, 
including  all  test  data,  recorded  on  Data  Sheet 
Numbe  r  4, 

Deleted. 


Fluid  pressure  in  the  test  specimen  shall  be  in¬ 
creased  at  the  rate  defined  on  Data  Sheet  Num¬ 
ber  4  until  specimen  failure  occurs. 

Additional  data  associated  with  the  burst  test 
shall  be  recorded  on  Data  Sheet  Number  4;  Data 
Sheet  4,  and  the  data  of  Paragraph  6.  3  shall 
be  maintained  on  file  in  the  Quality  Control  ; 
Department. 


Q 

LJ 

Q 


o 


Gaseous  Hydrogen  Sustained  Load  Test 

The  Hydrogen  Safety  Manual,  Paragraph  2.  4, 
shall  be  reviewed  prior  to  the  initiation  of  any 
efforts  on  this  test. 

For  this  test,  a  volume -filling  material  may  be 
used  to  reduce  the  test  specimen  internal  volume. 
If  used,  the  material  designation  and  quantity 
shall  be  recorded  on  Data  Sheet  Number  5. 

Instrumentation  shall  be  installed  on  the  test 
specimen  per  FigureEland  calibrated  per 
Paragraph  5,  3. 

"O"  Rings  and  Backup  rings  shall  be  installed 
on  each  test  plate,  T-1400138,  and  the  test 
plates  secured  to  the  vessel  bosses.  The  test 
plates  shall  be  coupled  together  with  the  tie-rod  , 
T-1400264,  per  SK-75-001. 

A  pretest  leak  check  of  all  fittings  and  equip¬ 
ment  shall  be  performed  on  the  pressurization 
system  adjusted  to  a  dead-end  condition.  The 
test  specimen  shall  be  isolated  from  the  system 
during  the  leak  test. 


7.5.  6 


The  test  specimen  shall  be  installed  in  a  pneu¬ 
matic  test  system  as  illustrated  in  Figure  E  3 


7.5.7 


7.  5.8 


7.5.9 


7.5.  10 


7.5.11 


7.6 

7.  6.1 


The  test  specimen  shall  be  pressurized  with 
gaseous  hydrogen  per  MIL  P-27201  A  at  the  rate 
defined  on  Data  Sheet  Number  5,  to  the  mean 
operating  pressure  (MOP)  _+  50  psig  and  the 
load  valve  locked  in  the  closed  position.  During 
pressurization  fluid  temperature  shall  not 
exceed  160®F. 

Pre  ssure  in  the  test  specimen  shall  be  main¬ 
tained  at  the  MOP  value  for  a  minimum  period 
of  96  hours.  Any  pressure  decay  during  the 
period  shall  first  be  recorded  per  6.  3.  3.  3  and 
then  adjusted  to  the  MOP  value. 

After  completion  of  the  96  hour  period,  pres¬ 
sure  in  the  test  specimen  shall  be  decreased  to 
zero  at  a  rate  per  Data  Sheet  Number  5.  The 
test  specimen  shall  be  purged  of  all  residual 
gaseous  hydrogen. 

The  test  specimen  shall  be  visually  inspected 
for  damage  and  these  observations,  including 
all  test  data,  recorded  on  Data  Sheet  Number 

5. 

Data  Sheet  Nximber  5  and  the  additional  raw 
data  of  Paragraph  6.  3  shall  be  maintained  on 
file  in  the  Quality  Control  Department. 

Gunfire  Test 


Deleted. 


7.  6.  2  "O”  Rings  and  Backup  rings  shall  be  installed 

on  each  test  plate,  T-1400138,  and  the  test 
plates  secured  to  the  test  specimen  bosses.  The 
test  plates  shall  be  coupled  together  with  the  tie- rod, 

T-1400264,  per  SK-75-001.  This  operation  shall 
apply  to  the  test  specimens  of  Paragraph  3.  1.  1  only. 


7.  6.  3  The  test  specimen  shall  be  restrained  in  a  mount¬ 

ing  fixture  at  the  gun  range  as  illustrated  in  Figure 
E5 
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7.6.4 


7.  6.  5 


7. 6.6 


7.6.  7 


The  test  specimen  shall  be  pressurized 
with  gaseous  nitrogen  per  MIL-P-27401,  at  the 
rate  defined  in  Data  Sheet  to  the  mean  operating 
pressure  (MOP)  +  50  psig. 

A  gunfired  50  caliber  armor  piercing  projectile  with 
a  muzzle  velocity  of  2800  4  100  feet  per  second 
shall  be  caused  to  tumble  and  strike  the  test 
specimen  at  the  location  shown  in  Figure  E5. 
(Reference  MIL-T-25363C,  Paragraph  2.  3).  The 
range  of  gunfire  shall  be  50  yards  maximum. 

After  gunfire,  the  test  specimen  shall  be  examined 
and  the  extent  of  structural  damage  recorded  on 
Data  Sheet  Number  6  along  with  all  other  test  data. 

Data  Sheet  Number  6  shall  be  maintained  on  file  in  the 
Quality  Control  Department. 
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Al,  SI 


A  2  thru  A  5 
S2  thru  S5 


Cyclic 
Fatigue 
Para  7.  3 


A  6,  S6 


Pneumatic 
Burst 
Para  7.  2 


S3,  S4 


Gaseous 
Hydrogen 
Sustained  Load 
Para  7.5 


A3,  A4 


Hydraulic 
Sustained  Load 
and  Bur  st 
Para  7. 4 


A5,  S5 


Gunfire  . 
Para  7.  6 


Hydx'aulic 
Burst 
Para  7. 1 


TABLE  Eli 


EXPECTED  TEST  VALUES  FOR  SENSOR  CALIBRATION 


- - - — ^ - - - j 

Test  Parameters  - 

Vessel 

-Series 

1 

Pretest  Condition 

S 

OOX 

1 

Outside  Diameter,  in 

38.  23 

26.  04 

3 

Internal  Volume,  in 

27, 100 

7204 

Operatins  Condition  (Para  7.  3,  7,  4,  7.  5,  7.  6) 

Pressure  (MOP),  psi 

2024 

2330 

3 

.Volumetric  Expansion,  in 

340 

107 

Circumferential  Expansion,  in 

0.5 

0.4 

S:r^n,  % 

0.41  . 

0.  50 

Burst  Condition  (Para  7. 1 ,  7.2,  7.4) 

Pressure  (EBP)  ,  psi 

4042 

4 6  61) 

'■  .3 

Volumetric  Expansion,  in 

964 

270 

Circumferential  Expansion,  in 

1.4 

1.0 

Strain  % 

1.17 

1. 25 

1 

Pressure  Transducer 


FIGURE 


HYDRAULIC  TEST  SYSTEM 


PNEUMATIC  TEST  SYSTEM 


FATIGUE  CYCLE  TEST  SYSTEM 


GUNFIRE  ‘TEST  SYSTEM 


SCI  Specification  74-44 
Date : _ _ _ 


ENCLOSURE  El 

TEST  DATA  SHEETS 
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SCI  Specification  74-  44 
Date :  _ 

DATA  SHEET  NUMBER  1 

PART  NUMBER:  _ _ 

TEST  SPECIMEN  NUMBER:  ' 

HYDRAULIC  BURST  TEST,  Paragraph  7. 1 
Parameter  '  Required 

Test  Media  Inhibited  Water 

Pressure  Rise  Rate 
Expected  Burst  Pressure  (EBP) 

Time  at  EBP  3  minutes 

Pressure  Rise  Rate 

Failure  Pressure  As  Measured 

Mode  of  Failure 


Actual 

_ _ psi/min 

_ Psig 

_ _ min 

_ psi/min 

_ psig 


280 


SCI  Specification  74-44 
Date : _ 

DATA  SHEET  NUMBER  2 

PART  NUMBER:  ^  ' .  '  '  ^  ' 

TEST  SPECmEN  NUMBER:  ^ _  * 

.  K 

PNEUMATIC  BURST  TEST,  Paragraph  7.  2 

Parani^ter  Required  A  ctual 

Test  Media 

Pressure  Rise  Rate 

Fluid  Temperature 
(shall  not  exceed) 

Failure  Pressure 


Gaseous  Nitrogen  _ _ 

_ _ _ ^psi/min 


160°F 

‘^F 

As  Measured 

psig 

Mode  of  Failure 


SCI  Specification  74-  44 
Date: 


DATA  SHEET  NUMBER  3 


PART  NUMBER: 

TEST  SPECIMEN  NUMBER: 


CYCLIC  FATIGUE  TEST,  Paragraph  7.  3 


Parameter 
Test  Media 

Operating  Pressure  (MOP) 
Hold  Period 
Cyclic  Rate 
Cycles 

Vessel  Examination  _ 


Required 

Hydraiilic  Fluid 

Actual 

psig 

10  sec 

sec 

1  to  2  cpm 

cpm 

2000 

Tested  By 
Witness 


Date 

Date 


4 
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SCI  specification  74-44 
Date : 


DATA  SHEET  NUMBER  4 

PART  NUMBER:  ^  ‘  ^  ^  ^  ‘  ' 

TEST  SPECIMEN  NUMBER: 


HYDRAULIC  SUSTAINED  LOAD  TEST,  Paragraph  7.4 


Parameter  Required  Actual 

'  I  ■  “  ■  "I  f 

Test  Media  Inhibited  Water  _ 

Pressure  Rise  Rate  _ _ ^psi/min 

Operating  Pressure  (MOP)  _ _ 

Time  at  MOP  96  hours  _ _ hours 

Depressurization  Rate  Psi/min 


Vessel  Examination 


Pressure  Rise  Rate 


psi/min 


Failure  Pressure 


As  Measured 


psig 
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SCI  Specification  74-44 
Date _ ' 

DATA  SHEET  NUMBER  4  Cont. 


PART  NUMBER: 

TEST  SPECIMEN  NUMBER: 


Mode  of  Failure 


Tested  By _ ; _ _ Date 

Witness  Date 


Date 

DATA  SHEET  NUMBER  5 

PART  NUMBER  '  ’  ^  ^  ^  ^  ' 

TEST  SPECIMEN  NUMBER: 


GASEOUS  HYDROGEN  SUSTAINED  LOAD  TEST,  Paragraph  7.  5 


Parameter 
Test  Media 

Volume  Filling  Material 

Weight  of  Material 

Pressure  Rise  Rate 

Operating  Pre  s  sure  (MOP) 

Fluid  Temperature 
(shall  not  exceed) 

Time  at  MOP 

Depressurization  Rate 

Fluid  Temperature 
(shall  not  exceedj^ 

Vessel  Examination  _ _ 


Required 

Caseous  Hydrogen 
As  Neceasaxy  . 

As  Necessary 

160®F 
96  hours 

1 60®F 


Actual 


pounds 

psi/min 

psi 

Op 

hours 

psi/min 

°F 


i 


Tested  By 
W  itne  s  s 


Date 

Date 
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SCI  Specification  74-  44 
Date _ _ 

DATA  SHEET  NUMBER  6 

PART  NUMBER:  ’  '  ^  ^  ‘  ^  ^  ’ 

TEST  SPECIMEN  NUMBER: 


GUNFIRE  TEST,  Paragraph  7.  6 

Parameter 

Test  Media 

Required 

Gaseous  Nitrogen 

Actual 

Pressure  Rise  Rate 

psi/  min 

Operating  Pressure  (MOP) 

psi 

Gun  Distance 

<50  yards 

yards 

Projectile 

50  CaUber  AP 

Muzzle  Velocity 

2800  +  100  fps 

fps 

Mode  of  Failure 

• 

Tested  By  Date 

W  itne  s  s  _ ; _  Date 
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APPENDIX  F 


SIZING  AND  PERFORMANCE  TEST 
PRESSURE/ STRAIN  PLOTS  FOR 
KEVLAR/ ALUMINUM  PRESSURE  VESSELS 


APPENDIX  F 


FIGURE  INDEX 


Vessel 

Figure 

Serial 

Number 

Number 

F-1 

F-2 

F-3 


F-4 

F-5 

F-6 

F-7 

F-8 

F-9 


F-10 

F-11 

F-I2 

F-13 

F-14 

F-15 


Type 

of 

Page 

Test 

Number 

Sizing 

289 

290 

291 

Sizing 

292 

293 

294 

Sustained  Load 

295 

296 

297 

Hydroburst 


F-16 

F-17 

F-18 

S-5 

Sizing 

304 

305 

306 

F-19 

F-20 

F-21 

Cyclic  Fatigue 

307 

308 

309 

F-22 

S-6 

Sizing 

310 

F-23 

Cyclic  Fatigue 

3] 

LI 

F-24 

3] 

L2 

3000 


3HnSS3Hd 


Z89 


FIGURE  F-1:  Strains  Obtained  From  Circumferentially  Oriented 
Strain  Gages  During  Pressure  Sizing  of  Kevlar/ 
Alurriinum  Vessel  S- 1 


1000 


^sd  ‘3HnSS3HcI 


,^3/N  ‘3HnSS3Hd[ 


FIGURE  F-2:  Strains  Obtained  From  Longitudinaiiy  Oriented 
Strain  Gages  During  Pressure  Sizing  of  Kevlar/ 
Aluminum  Vessel  S- 1 
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FIGURE  F-3t  Strains  Obtained  From  Great  Circle 

Extensometers  During  Pressure  Sizing 
of  Kevlar / Aluminum  Vessel  S- 1 
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FIGURE  F-5:  Strains  Obtained  From  Longitudinally  Oriented 
Strain  Gages  During  Pressure  Sizing  of  Kevlar/ 
Aluminum  Vessel  S~Z 


OPERATING  PRESSURE  =  1396  N/cm'^  (2024  psi) 
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FIGURE  F-10:  Strains  Obtained  From  Circumferentially  Oriented 
Strain  Gages  During  Pressure  Sizing  of  Kevlar/ 
Aluminum  Vessel  S~4 


FAILURE  PRESSURE  =  2689  N/cm'^  (3900  psi) 
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FIGURE  F-14:  Strains  Obtained  From  Longitudinally  Oriented  Strain 
Gages  During  Hydraulic  Burst  of  Kevlar / Aluminum 
Vessel  S-4 


FIGURE  F-17:  Strains  Obtained  From  Longitudinally 
Strain  Gages  During  Pressure  Sizing 
Aluminum  Vessel  S-5 
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FIGURE  F-19:  Strains  Ob 
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FIGURE  F-21:  Strains  Obtained  From  Great  Circle  Extensometer s 
Durine  Cvclic  Fatieue  of  Kevlar / Aluminum  Vessel 
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FIGURE  F-22:  Strains  Obtained  From  Great  Circle  Extensometer s 
During  Pressure  Sizing  of  Kevlar /Aluminum  Vessel 


OPERATING  PRESSURE  =  1396  N/cm  (2024  psi) 


FIGURE  F-23:  Strains  Obtained  From  Longitudinally  Oriented 
Strain  Gages  During  Cyclic  Fatigue  of  Kevlar/ 
Aluminum  Vessel  S-6 
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APPENDIX  G 


DESIGN  ANALYSIS* 

COMPOSITE  SPHERICAL  PRESSURE  VESSEL 
KEVLAR  FIBER  OVERWRAPPED  ARDEFORM  301 
STAINLESS  STEEL  LINER 


Prepared  for: 

Structural  Composites  Industries,  Inc. 
Azusa,  Cal.  91702 

P.O.  9431,  9432 


Prepared  by: 

D.  Gleich'^ 


ARDE  INC 


19  INDUSTRIAL  AVENUE,  MAHWAH,  NEW  JERSEY  07430 


-  Presentation  of  this  Design  Analysis  in  S.  I.  units  would  reduce  the 
clarity  of  this  Appendix.  Thre  report  is  presented  in  the  original 
form  as  written  by  the  author. 
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1.  INTRODUCTION  AND  SUMMARY 


An  analysis  of  the  selected  design  configuration  for 
the  PRD*49  III  fiber  overwrapped  ARDEFORM  301  stainless  steel 
liner  composite  spherical  pressure  vessel  is  presented  herein 
in  accordance  with  the  requirements  of  Task  I  of  the  SCI 
purchase  order  (ref  .Gl)  . 

Selection  of  the  design  point  was  based  on  SCI  purchase 
order  requirements  supported  by  ARDE  test  data  coupled  with 
recent  fracture  mechanics  flaw  growth  test  results,  generated 
by  Boeing  Aerospace  Company  on  a  current  NASA  LeRC  program. 


Kevlar  -  49  Roving  was  formerly  designated  as  PRD-49-III  Roving. 
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APPENDIX  H 

KEVLAR*FR  301  STAINLESS  STEEL  PRESSURE  VESSEL 
FABRICATION  PROCESS  SPECIFICATION 


Kevlar-49  Roving  was  formerly  designated  as  PRD-49-III  Roving 
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wound  vessel  and  ivom  the  shaft /boss  mating  surfaces. 


at  ambient  temperature. 
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PROCESS  CONTROL  RECORD 


FIGURE  HI:  MATERIAL  TRACEABILITY 


Fart  No.  D3897 _  Date  Started _ 

Part  Name  F/W  Pressure  Vessel _ W.O.  No.  2003- 

Serial  No. _ Shop  Order  No.  D3897 


A 


Operation 

No.  _ Description  of  Data  Required _  Inspector 

0103  Record  traceability  data  of  the  following: 


Mfg.  Lot  No.  Accept.  Tag  No. 

1.  PRD  Roving,  4-End,  _ _ _  _ _ 

Type  m 

2.  Epon  828  _ _  . 

3.  DSA  __________  ..  -  - .  . 

4.  Empol  1040 
•5.  BDMA 


020^-1 


Record  traceability  data  of  aluminum  liner  assembly,  P/N  D3896 
Accept  Tag  No. _ S/N _ 
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PROCESS  CONTROL  RECORD 


FIGURE  H2:  DIMENSION/^^IGHT  RECORD 


Part  No.  D3897 _ Date  Started 

Part  Name  F/W  Pressure  Vessel  W.O.  No.  2003- 
Serial  No.^ _ _ _ Machine  Operator 


Operation  No. 

0203-2 

0603-7 

Before  Wrap 

After  Cure 

Vessel  Length  = 

inch 

Diameters 

De  = 

inch 

Dp  = 

inch 

D45  = 

inch 

Vessel  Weight  = 

lbs 

PROCESS  CONTROL  RECORD 


FIGURE  H4:  TENSION  RECORD 

Part  No.  D3897  Date  Started _ 

Part  NameF/W  Pressure  Vessel  W.O.  No.  2003- 
Serial  No.  _  Shop  Order  No.  D3897 


Brake 

NO. 

STEP  NO. 

1 

3 

6. 

1  9 

13 

1 

2 

i 

3 

- ^ 

4 

5 

: 

: 

6 

7 

8 

i . .  . 

9 

L.  .  . . . 

10 

:  -  - 

i 

1 

1 

^  -  -n  -  - 

S  n 

I 

: 

1 

1  Oper. 

I  No. 

0403-5 

0403-9  j 

NOTE:  Record  the  static  tension  before  adjustment  to  l.Olb/novtng  is  made 
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PROCESS  CONTROL  RECORD 


FIGURE  H5:  WINDING  PATTERN 

Date  Started 
Work  Order  No.  2003  - 
Shop  Order  No.  D3897 
Machine  Operator _ 


Part  No.  _ D3897 _ 

Part  Name  F/W  Pressure  Vessel 
Serial  No.  _ 


Step 

No. 


Degree 

Setting 


Payoff 

Machine  Arm  _ Turns _ 

Setting  Setting  RPM  Required  Actual 
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APPENDIX  I 


PERFORM-ASTCE  TEST  PRESSURE/ STRAIN 
PLOTS  KEVLAR/ STAINLESS  STEEL 
PRESSURE  VESSELS 


4500 


annsssHd 


■%- 
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Tsd  ‘ 
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a: 

H 

c/2 
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FIGURE  1-3:  Strains  Obtained  From  Great  Circle  Extensometers 
During  Hydraulic  Burst  of  Kevlar/ Stainless  Steel 
Vessel  001 


Strain  Gages  During  Cyclic  Fatigue  of  Kevlar/ Stainles s 
Steel  Vessel  002. 


OPERATING  PRESSURE 


FIGURE  1-5:  Strains  Obtained  From  Longitudinally  Oriented 
Strain  Gages  During  Cyclic  Fatigue  of  Kevlar/ 
Stainless  Steel  Vessel  00 Z 


OPERATING  PRESSURE  =  1607  N/cm^  (2330  psi 


362 


IflMBIBWBIBiBigiBIBIgW 

MIpilllHHIBliHMi 

IPHH 

■ 

ipiiiimi 

WK^SS^naS^ 

■ 

wK^^SSSSSSSSk 

(Si  ^  o 


o 

o 

'sD 


o 

o 

o 


o 

o 

in 


o 

o 


o 

m 


cn 

W 

o 

>H 

o 

w 

p:i 

D 

cn 

CO 

W 

Oh 

O 

U1 

S 

D 


CdD 

a 

«ri4 

U, 

zi 

Q 


CO  (Si 

u  o 
cu  o 

4-> 

flj  *-* 

a  » 

o  CO 
m  Qj 

C  > 

0 

4->  »-H 

W  ^ 

CO 
CO 

a; 

s  '5 

01  (/) 

a  >H 

s  •? 

o  i 

£  ^ 
m 
■XJ  O 
CU 
C! 


J 


CU 
d 

ctJ  GJO 


XJ 

o 

CO 

a 


fd 


td 


u 
>> 
55  O 


vO 


W 

o 

)—i 

h 


> 


o 


o 


zooo 


Tsd  ‘3HnSS3'Hd 


FIGURE  1-7;  Strains  Obtained  From  Circumferentially  Oriented 
Strain  Gages  During  Hydraulic  Burst  of  Kevlar  / 
Stainless  Steel  Vessel  002 


BURST  PRESSURE 
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Hydraulic  Burst  of  Ke via r /Stainles s  Steel 


OPERATING  PRESSURE  =  1607  N/cm^  (2330  psi) 
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Strain  Gages  During  Cyclic  Fatigue  of  Kevlar /  Stain. 
Steel  Vessel  003 


OPERATING  PRESSURE 


FIGURE  I- 11:  Strains  Obtained  From  Great  Circle  Extensometers 
During  Cyclic  Fatigue  of  Kevlar / Stainles s  Steel  Ves 


OPERATING  PRESSURE  1607  N/cm^  (2330  psi) 


Strain  Gages 
Stainless  Ste 


OPERATING  PRESSURE 


FIGURE  1-13:  Strains  Obtained  From  Longitudinally  Oriented 
Strain  Gages  During  Cyclic  Fatigue  of  Kevlar/ 
Stainless  Steel  Vessel  004 


OPERATING  PRESSURE 


Vessel  004 


OPERATING  PRESSURE 


FIGURE  1-15:  Strains  Obtained  From  Longitudinally  Oriented 

Strain  Gages  During  Sustained  Load  Test  of  Kevlar 
Stainless  Steel  Vessel  004 


5000 
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FIGURE  1-17:  Strains  Obtained  From  Circumferentially  Oriented 
Strain  Gages  During  Hydraulic  Burst  of  Kevlar/ 
Stainless  Steel  Vessel  004 


(4550  psi 


Tsd  ‘3HnSS3Hc3 


FIGURE  1-18:  Strains  Obtained  From  Longitudinally  Oriented 
Strain  Gages  During  Hydraulic  Burst  of  Kevlar 
Stainless  Steel  Vessel  004 


Oriented  Strain  Gages  During  Cyclic  Fatigue 
of  Kevlar / Stainle s s  Steel  Vessel  005 


OPERATING  PRESSURE  =  1862 


FIGURE:I-2l:  Strains  Obtained  From  Longitudinally  Oriented 
Strain  Gages  During  Cyclic  Fatigue  of  Kevlar/ 
Stainless  Steel  Vessel  005 


OPERATING  PRESSURE 


Vessel  005 


OPERATING  PRESSURE  =  1862  N/cm  (2700  psi) 


4->  -W  0 
OJ  OJ  M 

?  S  ” 
o  cH  > 

i  fl  ^ 

p  .3  (U 

H  tj  *-> 

h  ;3  W 

T)  Q  » 


■(tj  c! 

S  -M  .-I 

n  CL)  gj 

o  a 

o 

2  CO 

.s  ^ 

2  S  > 

i  X  0) 

CO  W  W 


380 


APPENDIX  J 


LIST  OF  SYMBOLS 


LIST  OF  SYMBOLS 


A 

a 

a/  2c 

a/Q 

c 

D 

da/dN 

E 

Fty 

Ftu 

H 

Ksd 

L 

M 

N 

Ni 

N 

(0 

P 

P 

pV/W 

Q 


z  z 

Surface  area,  cm  (in^) 

Semi-elliptical  crack  depth,  mm  (in) 

Crack  shape 
Crack  size,  mm  (in) 

One-half  semi-elliptical  crack  length,  mm  (in) 
Diameter,  cm  (in) 

Cyclic  crack  growth  rate,  mm  (in) 

Modulus  of  elasticity,  GN/m^  (psi) 

Yield  strength,  MN/m  (psi) 

Ultimate  filament  strength,  MN/m^  (psi) 

Horizontal  force,  N  (lb) 

Engineering  fracture  toughness,  MN/m'^^'^,  (ksi-in  ^  ) 

Design  stress  intensity  factor 
Length,  cm  (in) 

Bending  moment,  cm-N/cm  (in-lb/in) 

Number  of  cycles 

Number  of  surface  area  elements 
Meridional  membrance  force,  N/cm  (Ib/in) 

Applied  load,  N  (lb) 

Pressure,  N/cm  (psi) 

Performance  factor,  J/g  (in-lb/lbm) 

Crack  shape  parameter 


r 
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LIST  OF  SYMBOLS  (continued) 


J 


Q 

R 

r 

T 

t 

V 

W 

(V 

A 

C 

9 

p 

CT 

T 

<P 


Average  flow  rate,  liters/ sec  (gal/ sec) 

Minimum  to  maximum  stress  ratio 
Radius,  cm  (in) 

Temperature,  K  (°F) 

Thickness,  cm  (in) 

Internal  volume,  m^  (in^)  or  vertical  force,  N/cm  (lb/ in) 
Weight,  kg  (Ibm) 

Proof  test  factor 
Change  or  difference 
Strain,  % 

Circumferential  angle,  rad  (deg) 

Density,  g/ cm^  (Ibm/ in^) 

Stress,  MN/m^  (psi) 

Time,  hours 

Meridional  angle,  rad  (deg) 
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LIST  OF  SYMBOLS  (concluded) 


SUBSCRIPTS: 


B 

b 

c 

cr 

D 

HB 


max. 


mm. 


of 

P 

R 

S 


Specific  location  (Figure  30) 
Burst 

Compression 

Critical 

Specific  location  (Figure  30) 

Horizontal  bolt 

Initial 

Liner 

Maximum 

Minimum 

Operating 

Filament  operating 

Port 

Tie  -rod 

Specific  location  (Figure  30) 
Sizing 


I 
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DISTRIBUTIOM  LIST  FOR  NASA  CR-134T'5 
CnriTRACT  NA33-lB77n 


FILAMENT-REINFORCED  MFTAL  COMPOSITF  PRFSSURF J/ESjjFL 
EVALUATION  AND  PERFORMANCE  nri'IONSTRAT  I  ON 


STRUCTURAL  CO''POSITFS  INDUSTRIES 
G344  NORTH  IR'./INDALE  AVENUE 
AZUSA,  CALIFORNIA!  01702 


Rec I dI ont 

MASA-Lev/ls  Research  Center 
21000  F3rookpark  Rd. 

Cleveland,  OH  44135 
Attn:  J.  E.  Dll  ley,  MS  500-313 

J.  R.  Faddoul,  MS  40-3 
R.  H.  Kenp,  MS  40-3 
J.  C.  Freche,  MS  40-1 
G .  T .  Smith,  MS  40-3 
T.  D.  Gulko,  MS  40-3 
J.  R.  Barber,  MS  500-205 
Library,  ilS  60-3 
AFSC  Liaison  Office,  MS  501-3 
Technical  Utilization,  MS  3-10 
R.  H.  Joiins,  MS  40-3 
R.  F.  Lark,  MS  40-3 
Report  Control  Office,  MS  5-5 

National  Aeronautics  and  Space  Adm i n i s t ra t i on 
via sh i  n[;ton,  DC  20546 

Attn:  KT/Technol ony  Utilization  office 

L i b  ra  ry 


NASA-Ames  ilesearch  Center 
Moffett  Field,  CA  94035 
Attn:  D.  VJillinms 

L  i  b  r  a  r  y 

f.'ASA-Georne  C.  Marshall  Soaco  Fll.-ht  Cnpter 
Marshall  Space  Fll.zlit  Center,  AL  55S11 
Attn:  SOE-ASTN/AA/C .  lifer 

SAE-ASTN-AS/H.  Col  riv.-eter 
5.3E-ASTN-ES/E.  rp<!:ler 
L  i  b  ra  r  y 


‘'o.  of  Cories 


1 

n 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

.L 

1 


1 


1 


1 

1 

1 

1 


P  a  re  1 


Reci pi cnt 


■^'o.  of  Cories 


h'AS A-Godda rc'  Space  Flight  C€!ntor 
Greenbelt,  MD  20771 

Attn:  Library  1 

MASA-John  F,  Kennedy  Space  Center 
Kennedy  Space  Center,  FI,  32890 

Attn:  Library  1 

liASA-Lanpl  cy  f<esearch  Center  V 

Hampton,  VA  23365 

Attn:  R.  b.  Leonard,  MS  188  ] 

W .  F 1  be  r  1 

H .  Hardriitb 

Library  1  ^ 

HASA-Manned  Spacecraft  Center 
Houston,  TX  7705S 

Attn:  FS-5/S.  Glorloso  1 

Library  1 


Jet  Propulsion  Laboratory 
4800  Oak  Grove  nr. 

Pasadena,  CA  91103 

Attn:  M.  ii.  Rowe  1 

Library  1 

I'ASA-Sc  i  ent  i  f  i  c  and  Tectinical  Information  Facility 
Box  8757 

Balt/Wash  I nterrat i ora  1  Airport 
MD,  21240 

Attn:  Accessioning  Dept  1 

Aeronautical  Systems  Division. 

Air  Force  Syst€?ms  Command 

Wr i ght-Patter son  Air  Force  Base 

Dayton,  OH  45433 

Attn:  ASD/EHF/C.  F.  Tiffany  1 

Library  1 

Air  Force  Aero  Pror)ulsior  La!>orjtory 
Research  anc'  Technology  Oi  vision 
Air  Force  Systems  Command 
United  States  Air  Force 
Uright-Patterson  AFB,  OM  45433 

Attn:  ARRP/ 1.  i  b  ra  r  y  1 


Pa.ge  2 


Rec I  pi ent 


Air  Foret  Materials  Laboratory 
Wr Ight-Patterson  Air  Force  Base 
Dayton,  OH  U5435 
Attn:  MAN/H.  S.  Swartz 

M  A  C  /  E  .  J  a  F  f  e 
MATC/S.  Litvak 

Air  Force  Office  of  Scientific  Research 
Viash i ngton,  DC  20333 
Attn:  Library 

Air  Force  Rocket  Prorulsior  Laboratory  (RPM) 
Edwards,  CA  955  2.3 
Attn:  Library 

Air  Force  Systems  Command 
Andrews  Air  Force  Base 
VJashi  ngton,  DC  2  0332 
Attn:  Library 

Arnold  Engineering  Develonment  Center 
Air  Force  Systems  Conmand 
Tullahoma,  Th'  37589 
Attn:  Library 

Atomic  Energy  Commission 

Division  of  Reactor  Develonment  and  Technolor 
Washington,  PC  20767 

Frankford  Arsenal 
Philadelphia,  PA  19137 
Attn:  C.  Carman 

U .  S  .  A rp'y  I'-'i  i  s s  i  1  e  Con.r.a nd 
Redstone  Scientific  Information  Center 
Redstone  Arsenal,  AL  35308 
Attn:  Dociunent  Sectior; 

Naval  Shir'  RAP  Center 
Annapolis  Laboratory 
Annspolis,  MD  21402 

Attn:  Nr.  Carlton  Hershner,  Code  2774 

Office  of  Research  Aru'ilyses  (DA'’) 

Hollo — 'n  Air  Force  Base,  MM  88350 
Attn:  RRI^D/ Library 


Reel r i ent 


of  Copjps 


Picatinny  Arsenal 
Dover,  MJ  07801 
Attn:  LIbrarv 

Plastics  Technical  Evaluation  fentrr 

Space  and  Missile  Systems  Organization 
Air  Force  Unit  F'ost  Office 
Los  Angeles,  CA  90045) 

Attn:  Technical  Data  Center 

U  .  S .  Air  Force 
Washington,  DC 
Attn:  Library 

U . S .  Air  Force 

Wr I ght-Pa t ter son  Air  Force  Base 
Dayton,  OH  45433 
Attn:  AFFDL/W.  H.  Goesch 

AFML/.).  'Whiitney 
AFMl/p.  Packman 
AFFri/H.  A.  Wood 

U.S.  Naval  Ordnance  Laboratorv' 

White  Oak 

Silver  Spring,  MD  20910 

Attn:  R.  Si  non,  Monnetalllc  Mat 'Is.  Div. 

Library 

Director,  Code  0180 
U.  S.  flaval  Research  Laboratory 
Washington,  DC  20390 
Attn:  H.  W.  Carh.art 

J.  M.  Krafft 
L I  bra  r y 

Aerojet  Nuclear  Systems  Co. 

P.  0.  Fiox  13U7f) 

Sacramento,  CA  95813 
Attn:  Library 

Propulsion  Division 
Aeroj  et-Generf:  1  Corn. 

P.  0.  Box  15847 
Sacramento,  CA  95803 

Attn:  Technical  Ln>ri  ry,  2484-2915^ 


1 

I 

i 


1 


r 


1 

1 

1 


1 


1 

1 

1 


1 


f 


1 


Red  d1  ent 


Space  fjr  I  vision 
Aeroj  et-Gf'nera  1  Corp. 

9tQ0  East  Flair  Dr . 

Et  Monte,  CA  91731* 

Attn:  Library 

Aeronaut ron i c  Division  of  Phiico  Fore'  Corp. 
Ford  Rd. 

Newport  Beach,  CA  92B63 

Attn:  Technical  Information  Dept. 

Aerospace  Corp. 

P.  0.  Box  95085 

Los  Angeles,  CA  90045 

Attn:  Document  Library 

Allegheny  Ballistics  Laboratory 
Hercules,  Inc. 

P.  0.  Box  210 
Cumberland,  MD  21052 
Attn:  W.  T.  Frc^enan 

Library 


ALCOA 

1200  Ring  Bldg 
Washington,  D.C.  20036 
Attn:  Mr.  G.  B.  Barthold 

Arde  1 nc . 

19  Industrial  Ave. 

Mahwah,  NJ  07430 
Attn:  Art  Cozewith 

Battel le  Memorial  Institute 
505  King  Ave. 

Columbus,  OH  43201 

Attn:  Defense  Metals  Information  Center 

Report  Library,  Room  6A 
L.  F.  Hulbert 

Beech  Aircraft  Corn. 

Wichita,  KB  67201 
Attn:  Library 


Bol  1  Aerosystepis 
Box  1 

Buffalo,  fiY  14205 
Attn:  T.  Reinhardt 

Library 

B.  F.  Goodrich  Co. 

Aerospace  and  defense  Products 
5  00  South  .Ma  in  St . 

Akron,  OH  44311 
Attn:  Library 

Boeing  Aerospace  Co. 

Seattle  ,  WA,  9 "124 
Attn:  J.  T.  Hoggat 

W.  n.  Rixler 
Library 

Brunsv;ick  Corp. 

Defense  Products  Di vision 

P.  n.  Box  4594 

43000  Industrial  Ave. 

Lincoln,  ME  6^504 
Attn:  V/.  lorse 

Cryonetics  Corporation 
Northwest  Industrial  Park 
Burlington,  'iA  G1B30 
Attn:  Library 

E.  I.  DuPont  deMopiours  ft  Co. 

Textile  Fibers  Div. 

Wilmington,  HE  19o98 

Attn:  C.  Zweben,  Bldg  202,  Rm  316 

General  Amt'rican  Transportation  Coro. 
General  American  Research  Division 
7499  N.  Natchez  Ave. 

Niles,  I L  60043 

Attn:  R.  N.  Johnson  (Dr.) 

General  Dynamics 
P.  0.  Box  74S 
Ft.  Worth.  TX  7rani 
Attn:  Library 
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Mo,  of  Copies 
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General  Hynani cs/Conva I r 

P.  n.  Box  1128 

San  Diego,  CA  92112 

Attn:  H.  F.  flodgers,  MS  549-00  1 

Library  1 

Goodyear  Aerospace  Coro. 

1210  Hassilon  Rd. 

Akron,  OH  44306 

Attn:  Library  1 

Grumman  Aircraft  Engineering  Corp. 

Bethpage,  Long  Island,  NY  11714 

Attn:  Lilirary  1 

B.  Aleck  1 

Hamilton  Standard  Corp. 

Windsor  Locks,  CT  06096 

Attn:  Library  1 

I  IT  Research  Institute 
Technology  Center 
Chicago,  11.  60616 

Attn:  R.  H.  Cornish,  Mech.  and  Materials  Oiv.  1 


Lockheed  Missiles  and  Space  Co. 

P.  0.  Box  504 
Sunnyvale,  CA  95087 

Attn:  Library  1 

Lockheed  California  Co. 

Burbank,  CA  91503 

Attn:  R.  H.  Stone,  Bldg  243,  Plant  2  1 

LTV  Corp. 

P.  0.  Box  5907 
Dallas,  TX  75222 

Attn:  Library  1 

’IcDonnel  1 -Dougl  as  Corp. 

5301  Bolsa  Ave. 

Huntington  Reach,  CA  92647 

Attn:  H.  Babel  1 

Library  1 


Rec i pi ent 


N’o.  of  Conies 


McDonnel 1 -Dourl as  Corn. 

P.  0.  Box  516 
St.  LouiS/  MO  63166 
Attn:  B.  Whiteson,  Dent.  E457 

L  f  brn  r y 

Martin  Marietta,  Denver  Hiv. 

P.n.  Box  179 
Denver,  CO  80201 
Attn:  F.  Schwartzber 

A.  Feldman 
C.  A.  Hall 

Materials  Sciences  Corooration 
1777  Walton  Road 
Blue  Bel  1,  PA  19422 
Attn:  Nancy  Seibia 

Monsanto  Research  Corp. 

Dayton  Lahore  tor y 
1515  Nicholas  Rd. 

Dayton,  OH,  45407 
Attn:  R.  J.  Janov^iecki 

North  American  Rockwell 
12214  Lakev;ood  Blvd. 

Downey,  CA  90241 

Attn:  L.  J.  ICor!),  Mail  Co^e  AD-BO 

Library 

Oak  Kid.rce  National  Laboratorv 
Oak  Ridge,  TN  37830 
Attn:  T.  W.  Pi^ko’ 

Rohr  Corp. 

Dept.  145 

Chula  Vista,  CA  91312 

Sandia  Lahore  tor  '  ^'s 

Albuquerque,  NM  87115 

Attn:  H.  M.  Stoll  er.  Dept.  531'^ 

TRW  Systems 
1  Space  Park 

Redotido  Beach,  CA  90200 

Attn:  Teclinical  Libr.  Doc.  Acquisitions 
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TRW  Inc. 

23555  Fuel  id  Ave. 

Cleveland,  OH  44117 

Attn:  Elizabeth  Barrett,  T/M  3417 

Union  Carbide  Corp* 

Terrytov-^n  Technical  Center 
Terrytov/n,  MY  10591 
Attn:  J.  Lightstone 

United  Aircraft  Corp. 

400  Main  St. 

East  Hartford,  CT  06108 

United  Aircraft  Corp. 

United  Technology  Center 
P,  0.  Box  358 
Sunnyvale,  CA  94088 
Attn:  Librarian 

University  of  Nebraska 
Dept,  of  Engineering  Mechanics 
LI ncol n,  ME  68503 

Attn:  R.  Foral 

University  of  Oklahoma 

School  of  Aerospace 

Mechanical  and  Nuclear  Engineering 

865  Asp  Ave.,  Rni.  200 

Norman,  OK  73069 

Attn:  C.  W.  Bert 

Wes t i nghouse  Research  Laboratories 
Beulah  Rd.,  Churchill  Borough 
Pittsburgh,  PA  15235 
Attn:  G.  T.  Uessel 

Library 

National  Tecfinical  Information  Servi 
Springfield,  VA  22151 
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FIGUREA3:  Design  Stress  Chart  For 

Kevlar  FR  2219-T62  Aluminum  Spheres 
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